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Synopsis 
Chapter 1 presents the relevant literature background to appreciate the various 
aspects of strawberry flavour analysis by first highlighting the universal appeal of the 
fruit. An overview of the Australian strawberry industry is then provided, followed by a 
general description of the volatile constituents of strawberry aroma as well as details 
of key aroma-active compounds. Subsequently, insights into the different sample 
extraction methods and analytical techniques commonly used for analysing 
strawberries are presented by discussing their capabilities and limitations. This then 
sets the stage for the introduction of the potentially useful analytical technique of 
comprehensive two-dimensional gas chromatography (GC×GC), where its principles, 
considerations and food and flavour related applications are presented. Finally, the 
key factors (i.e. genotype, the environment and genotype-by-environment 
interactions) affecting the volatile profile of the strawberries are examined. 
 
Chapter 2 provides details of the methodology used for GC×GC/ToFMS analysis of 
strawberry volatiles extracted by headspace solid phase microextraction (HS-SPME). 
 
Chapter 3 presents a case study on Albion and Juliette. The quality characteristics 
and volatile compositions of these two varieties are presented and discussed in 
detail. Discriminatory compounds are also identified in this chapter. 
 
Chapter 4 discusses the effects of environment on flavour development in fruits of 
Albion and Juliette, between harvest dates, and across seasons, where possible. The 
effects of genotype and G×E interactions are also presented. Volatiles compounds 
that are significantly influenced by environmental fluctuations are also identified.  
 
Chapter 5 examines the inheritance of flavour constituents and the possibilities for 
breeding for enhanced flavour. The effect of ripening on the volatile composition of 
strawberries is studied. Broad-sense heritabilities of compounds and quality 
parameters are presented and discussed. 
 
Chapter 6 wraps up the thesis, where general conclusions, important findings and 
limitations of the research are summarised. In addition, directions and suggestions 
for future work are also proposed. 
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1 
Introduction 
 
1.1 Universal appeal of strawberries 
Strawberries have an universal appeal to the human senses of sight, smell, 
and taste, which could be attributed to their attractive colour, unique aroma and 
delectable flavour, making them a highly sought after agricultural commodity. They 
are part of the Rosaceae (rose) family, belonging to the genus Fragaria. In botanical 
terms, strawberry is defined as an aggregate fruit as it is actually a greatly enlarged, 
fleshy receptacle, in which many tiny, individual true fruits (achenes), commonly 
called seeds, are partially embedded (1). Herein, it will be referred to in its publicly 
recognised terminology as a fruit.  
 
Consumers worldwide enjoy eating strawberries fresh, frozen, and in the form 
of processed and derived products such as jams, juices and confections. Fresh 
strawberries are also a popular component of a healthy diet due to their high 
nutritional value, which could be mainly attributed to their high contents of vitamin C, 
phenolic compounds and folate (2, 3). They are also a relatively good source of 
dietary fibre, and are low in calories. Furthermore, Wang et al. (4) reported that 
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strawberries exhibited the highest antioxidant activity when compared to 11 other 
fruits, in particular, plum, orange, pink grapefruit, tomato, kiwifruit, red grape, white 
grape, apple, honeydew melon, pear, and banana. In a study performed by Scalzo et 
al. (5), wild strawberries followed by cultivated strawberries, were also found to have 
a far better antioxidant activity than apples, apricots and peaches. An extensive 
review recently published by Giampieri et al. (6) focuses on the nutrient content and 
phytochemical composition of strawberries, factors affecting nutritional quality, and 
possible health benefits related to strawberry consumption.  
 
The cultivated strawberry, Fragaria × ananassa Duch., is the most widely 
distributed strawberry species due to its genotypic diversity and adaptability to a 
broad range of environments (7). It was most probably derived from the chance 
hybridisation of two wild species, F. chiloensis and F. virginiana, in a European 
garden during the 18th century (8). The most common wild strawberry species, F. 
vesca L., is a diploid (14 chromosomes), while F. × ananassa, is an octoploid (56 
chromosomes) (9). Since F. × ananassa is of a higher ploidy level, cultivated 
strawberries are usually larger in size, and the yields are greater than their wild 
counterparts. On the downside, these fruits contain fewer compounds that are 
considered to be characteristic of the strawberry flavour (10). 
 
There are two main types of strawberry plants grown commercially, namely 
short-day and day-neutral, which are defined primarily on the basis of flowering 
response to day length. Short-day types usually initiate flowers when days are 
shorter than about 14 hours, while day-neutral types are generally able to initiate 
flowers regardless of day length as long as the temperature is less than a critical 
maximum (dependent on genotype) of approximately 25 °C (11). 
Introduction 
 
 
 3 
1.2 The Australian strawberry industry 
Strawberries are a cherished, important agricultural commodity in Australia, 
and more than 29,000 metric tons were produced in 2010 (12), with an estimated 
gross value of AU$212 million (13). This is almost a three-fold increase in production 
over the last 15 years (Figure 1.1), indicating growing domestic demand and 
consumption of the fruit. The industry is mainly focused on producing fruits for local 
consumption, but there has been growing interest to tap into the lucrative export 
markets. Presently, about five percent of the strawberries produced annually are 
exported overseas to countries such as Singapore, Hong Kong, Thailand, Malaysia 
and Dubai (14, 15). 
 
Figure 1. 1 Strawberry productions in Australia from 1980 to 2010 (16) 
1980 1985 1990 1995 2000 2005 2010
0
5000
10000
15000
20000
25000
30000
35000
Pr
od
u
ct
io
n
 
(t)
Year
 
Introduction 
 
 
 4 
Strawberries are grown in all six states of Australia, with Queensland and 
Victoria being the leading producers. The diversity in climate across the Australian 
states, together with the cultivation of short-day and day-neutral varieties, and 
implementation of various planting practices, enable consumers to enjoy strawberries 
almost all year round. There are basically two strawberry production periods in 
Australia. One is the ‘spring, summer, autumn’ period (October to May), which refers 
to production in temperate climate regions, namely the southern states, and the 
region south of Perth (near Albany), Western Australia (WA). The other is the ‘late 
autumn, winter and spring’ period (June to September), which refers to production in 
warmer or sub-tropical regions located south east of Queensland and just north of 
Perth, WA (17). 
 
Both overseas and Australian-bred varieties are grown in Australia, with the 
former having dominance in the market. Overseas cultivars are primarily sourced 
from the United States of America (USA), in particular, the University of California 
Davis, and some popular ones include Albion, Camarosa, Chandler and Camino 
Real. However, imported varieties do not always perform well here due to poor 
climatic adaptation, and could have inadequate quality, productivity, pest and disease 
resistance (18). With increasing awareness of this predicament, genotypes locally 
bred and released as part of the Australian breeding program have been gaining 
acceptance among growers, and Juliette, Rubygem and Kalinda are examples of 
especially successful Australian-bred varieties. In particular, the popularity of 
Rubygem has been far-reaching, and this variety is now even available in overseas 
markets such as Turkey, central Europe and Europe, where it is being marketed 
under its variety name (19). Hence, it is hoped that many more Australian-bred 
varieties will receive similar attention both locally and overseas. 
Introduction 
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1.3 Strawberry aroma 
Strawberry aroma can be described as a combination of sweet, fruity, floral, 
green, buttery and sour notes (20-22). Volatile compounds are responsible for the 
aroma of the fruit, and despite accounting for less than 0.01% of the fruit fresh mass, 
they can significantly influence the quality of the aroma perceived (23). This is 
because it has been shown that the odour threshold for human perception of a 
volatile compound can as low as 0.007 ppb in water (24), and one such strawberry 
volatile is β-ionone (25). Moreover, the relative proportions of the various volatile 
compounds serve as chemical signatures for specific strawberry varieties and 
species (7). 
 
In 1939, Coppens and Hoejenbos became the first researchers to report on 
strawberry volatiles (26) and 73 years on, strawberries still remain a favoured 
candidate for aroma analysis. It is because although more than 360 compounds have 
been identified as volatile constituents of strawberry aroma (7, 27-29), which include 
esters, furans, terpenoids, aldehydes, ketones, alcohols, acids, lactones, aromatic 
compounds and sulfur compounds, there is continued interest to learn about 
compounds that contribute to the preferred perception of one strawberry variety over 
another. Furthermore, the value of strawberries is dependent on the consumer 
perception of quality, which is strongly influenced by the volatile composition of the 
fruit. Consumers often use the aroma perceived as an indicator of quality when 
making a purchasing decision. In general, a sensorially pleasant, intense, fruity 
aroma typical of the fruit is considered to be an indicator of  desirable quality, 
ripeness, and freshness. On the other hand, the lack of odour or the presence of 
sourish, mouldy, or off-odours are considered to be indicators of insufficient ripeness, 
spoilage, decay, and generally undesirable quality (30).  
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Esters are the most abundant class of volatile compounds in the fruit, both 
qualitatively and quantitatively, and over 131 different ones have been identified (28, 
29). They contribute the fruity and floral notes to the strawberry aroma, and could 
comprise from about 25% to 90% of the total volatiles in fresh ripe strawberries (31-
33). Aldehydes (33) and furans (34) are some of the other abundant classes of 
compounds, which may account for up to 50% of strawberry volatiles. Aldehydes 
such as hexanal, (E)-hex-2-enal and (Z)-hex-3-enal, are primarily responsible for the 
green notes perceived. 2,5-Dimethyl-4-hydroxy-(2H)-furan-3-one (furaneol) and 2,5-
dimethyl-4-methoxy-(2H)-furan-3-one (mesifuran) are the two main furans detected in 
strawberries, and the odours of these compounds are often described as sweet, and 
similar to caramel or cotton candy (25). Alcohols may represent as much as 35% of 
the volatiles but are considered to have little contribution to the flavour of strawberries 
(35). An alcohol, (Z)-hex-3-en-1-ol, is also known to contribute to the green aroma 
component in strawberries (32). Lactones, particularly γ-decalactone (which 
possesses a fruity, peach-like odour), are found in high concentration in certain 
varieties, and are considered to be important flavour volatiles (28). Terpenoids and 
sulfur compounds may comprise of less than 10% and 2% of the volatiles, 
respectively, but both classes of compounds may contribute to the flavour of 
strawberries (33, 36). Terpenoids, such as linalool and geraniol, have been reported 
to provide fruity, floral and berry-like notes to strawberries (21). 
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Volatile compounds with aroma activity, along with acids and sugars, 
contribute to flavour of strawberries, which is influenced by the proportions of these 
chemical components. While sugars are responsible for the sweetness and acids for 
the tartness perceived, odour-active volatiles are responsible for the distinctive, fruity 
flavours that help characterise this fruit. Although fresh strawberries produce 
numerous volatiles, only some of these compounds have been found to contribute to 
the unique aroma and flavour of the fruit. However, no single odour-active compound 
is entirely responsible for the characteristic strawberry aroma. Instead, this aroma is 
produced by a mixture of odour-active volatiles (37). This is the case for the aroma of 
most fruits and vegetables, as exemplified by the study on the aroma of fresh and 
cooked tomatoes (24). 
 
The technique of gas chromatography–olfactometry (GC–O), which is a 
combination of instrumental compound separation and sensory analysis, involves the 
use of human assessors as a sensitive and selective detector for determining the 
aroma activity of volatile compounds in a sample extract, and evaluating their relative 
importance to the overall aroma of the sample. Two GC–O methodologies, namely, 
aroma extraction dilution analysis (AEDA) and combined hedonic aroma response 
method (CHARM), and the concept of odour activity value (OAV) are commonly used 
to estimate the sensory contribution of a volatile odorant. A comprehensive review on 
the application of GC–O in food flavour analysis is available in literature (38).  
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In both AEDA and CHARM analysis, a series of 1:1 or 1:2 dilutions of a food 
sample extract is usually prepared, and each dilution is then assessed by GC–O (39). 
In AEDA, a sensory panel evaluates samples in increasing dilution order, and the 
maximum dilution of an extract in which the odour can still be detected by GC–O is 
measured and expressed as the flavour dilution (FD) factor of the odorant (40). The 
FD value is calculated by dividing the concentration of the aroma compound in the 
initial extract by its concentration in the most dilute extract. In the case of CHARM 
analysis, the sensory panel evaluates the diluted samples in a randomised order, and 
thus, any bias, which may be introduced by the knowledge of the dilution being 
assessed, is avoided. The duration of each detected odour (start and end) is 
recorded, and a corresponding chromatographic peak is generated. The peak area is 
expressed as the CHARM value of that odour-active compound (40). In regards to 
the OAV (synonymous with aroma value, odour value and odour unit) of an aroma 
compound, this value refers to the ratio of the concentration of the odorant in the 
sample extract to its odour threshold value in that same matrix (38). In general, the 
greater the FD factor, CHARM value or OAV, the more important the contribution of 
the compound is likely to be to the overall aroma of the sample. It is worthwhile to 
highlight here that the selection and ranking of aroma-active compounds according to 
their odour potency and/or intensity can differ with the application of different GC–O 
methodologies to an identical sample (40). Although GC–O was not performed in the 
current study, some of relevant information available in the literature was presented 
here to enable readers to have a better perspective of how and why the character-
impact odorants identified in strawberries have varied with investigations published in 
the literature.  
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Several authors have commonly used the concept of OAV (21, 41-44) or 
AEDA with GC–O (25, 45-48) to study the character-impact odorants of strawberry 
aroma. Character-impact odorants refer to odour-active compounds that are 
responsible for characteristic aroma of a sample (49). Some publications have also 
reported the use of other GC–O methodologies such as the posterior intensity 
method (22, 50), and nasal impact frequency (NIF) method (51) in strawberry aroma 
analysis. Among the numerous volatile compounds produced by fresh strawberries, 
the above-mentioned studies appear to indicate that ethyl hexanoate, ethyl 
butanoate, methyl butanoate, furaneol, mesifuran, linalool and γ-decalactone are the 
key odour-active volatiles. Other potent odorants reported by these authors include 
methyl 2-methylbutanoate, ethyl 2-methylpropanoate, ethyl 2-methylbutanoate, ethyl 
3-methylbutanoate, butyl acetate, hexyl acetate, butan-2,3-dione, (Z)-3-hex-3-enal, 
butanoic acid, 2-methylbutanoic acid, hexanoic acid, γ-dodecalactone, δ-
decalactone, δ-dodecalactone, (E)-nerolidol and heptan-2-one.  
 
Furaneol and mesifuran were first identified in strawberries by Sundt (52) and 
Pyssalo (32), respectively, and are also found in a wide variety of other fruits such as 
pineapple, mango, grapefruit, tomato, raspberry and blackberry (53-57). In addition, 
these two volatiles have often been reported to be the dominating odorants in 
strawberry (21, 25, 44). Sundt (52) pointed out that furaneol by itself has a very 
intense, typical odour and flavour of fresh strawberries. Schieberle and Hofmann (44) 
used stable isotope dilution assays and model mixtures to evaluate the character-
impact volatiles in fresh strawberry juice and reported several interesting findings. 
The authors reported that a sensory panel comprising of six assessors, detected a 
difference in the odour of a model strawberry juice mixture, consisting of 12 odorants 
(furaneol, mesifuran, (Z)-hex-3-enal, butan-2,3-dione, methyl butanoate, ethyl 
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butanoate, ethyl 2-methylpropanoate, ethyl 2-methylbutanoate, methyl 2-
methylbutanoate, acetic acid, butanoic acid and 2-methylbutanoic acid), when either 
furaneol (all six assessors detected a difference) or (E)-hex-3-enal (five assessors 
detected a difference) was excluded. The panellists perceived a green, fruity overall 
odour when furaneol was omitted from the mixture, and a sweetish, caramel-like 
odour when (E)-hex-3-enal was omitted. On the contrary, only one of the assessors 
detected a difference when mesifuran was not present in the model mixture. Hence, 
furaneol and (E)-hex-3-enal were suggested to be character impact odorants of 
strawberry aroma. Nonetheless, this study also highlighted that a typical, strawberry-
like overall aroma was only perceived from the model juice mixture consisting of all 
the 12 odorants mentioned above.  
 
 Methyl anthranilate (MA), which is characterised by an intense spicy-aromatic 
and flowery note, is another volatile compound regarded to be a key character impact 
odorant of strawberry aroma, particularly in the case of wild strawberry varieties. 
Ulrich et al. (25) reported that strawberry genotypes can generally be divided into MA 
and MA-free types, and MA-free types can be further sub-divided into ester- and 
furaneol-types. The ester-type refers to varieties containing high quantities of esters 
of butanoic and hexanoic acids, while the furaneol-type varieties contain furaneol but 
low amounts of the esters. Among these chemotypes, the MA- and ester- types have 
been found to be more sensorially pleasant than the furaneol-type, and it was 
suggested that genotypes, which can be classified under those two groups, should 
be selected during strawberry breeding (58).  
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1.4 Sample preparation: Isolation and concentration of strawberry 
volatiles 
The volatile of composition of strawberries reported in literature can vary with the 
methodologies used to extract and analyse the volatiles. Due to the diversity in the 
physical and chemical properties of these volatiles, these procedures can affect the 
nature of the volatile profile obtained, as well as the conclusions drawn from these 
profiles. In general, since all methods have a particular degree of selectivity, it is possible 
that some compounds may not be isolated, resolved or detected by the methodology 
employed (59). Furthermore, some volatiles, such as mesifuran and furaneol, have poor 
stability, and may undergo degradation under certain experimental conditions used for 
extraction or instrumental analysis (28, 53). Hence, the limitations of the analytical 
methodologies employed for the characterisation of strawberry volatile compounds must 
be taken into consideration when interpreting experimental results.  
 
Forney (30) demonstrated how different extraction and analysis procedures can 
influence the strawberry volatile profiles generated, by comparing the contents of the 
most abundant volatiles in ripe strawberries of the Senga Sengana variety as reported by 
four different studies available in the literature (refer to Table 1.1). Volatile compounds 
presented in Table 1.1 were those comprising of more than 5% of the volatiles reported 
in any one of the four studies. It was pointed out that the differences in the relative 
abundances of the selected volatiles between the four studies was most likely due to the 
different extraction and analysis methodologies used. However, it was also mentioned 
that these differences could possibly be attributed to variations in stages of maturity, 
growing environment, and post-harvest handling of the fruit. 
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Table 1. 1 Relative abundances of selected strawberry volatiles in ripe fruits of 
Senga Sengana, analysed by different investigators using various extraction and 
analysis procedures (adapted from (30)) 
% of total strawberry volatiles 
Compound Schreier, 
1980a (33) 
Hirvi, 
1983b (60) 
Douillard & 
Guichard, 1990c 
(31) 
Larsen, et al., 
1992d (42) 
Methyl butanoate 9.8 5.7 23.8 13.2 
Ethyl butanoate 11 2.8 11.9 9.8 
Methyl hexanoate 5.2 0 5.1 1.2 
Ethyl hexanoate 11.1 11.4 2.8 1 
Linalool 1.6 8.5 1.1 0.9 
Hexan-1-ol 1.8 10 0.1 0.8 
(E)-Hex-2-enal 29.1 19.9 26.7 5.4 
Pentan-2-one 0 0 0 6.7 
Pent-3-en-2-one 0 0 5.1 0 
Furaneol 0 0 2.4 25.2 
Mesifuran 2 34.2 22.3 24.8 
 
a
 Volatiles were collected onto a cold trap from vacuum distillation at 45 °C of freshly homogenised 
fruit. Volatiles were dissolved in pentane-dichloromethane and analysed on a 5% FFAP packed 
column. Values reported are midpoint of ranges. 
b
 Volatiles were extracted from fresh fruit juice with 2 diethylether : 1 n-pentane and analysed on a 
FFAP (acid-modified polyethylene glycol) glass capillary column by gas chromatography–mass 
spectroscopy-single ion monitoring. 
c
 Volatiles were extracted from freshly homogenized fruit with dichloromethane. Extracts were 
concentrated and analysed on an OV351 (acid-modified polyethylene glycol) or a DB 5 ((5%-phenyl)-
methylpolysilxane) capillary column. 
d
 Volatiles were extracted from fresh fruit juice with 2 diethylether : 1 n-pentane and analysed on a 
Carbowax 20M capillary column by gas chromatography–mass spectroscopy. 
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Liquid–liquid extraction, liquid–solid extraction, vacuum distillation, 
simultaneous steam distillation–extraction and headspace methods are examples of 
techniques that have been used for the extraction and concentration of strawberry 
volatiles (10). Among these methods, solvent extraction and headspace techniques 
are frequently used in strawberry flavour analysis (61). However, solvent extraction 
has some disadvantages. For example, it can be time-consuming, labour intensive, 
and susceptible to artefact formation, which may be introduced from impurities in 
solvents or through degradation of the sample matrix or flavour compounds (62, 63). 
The long time required for sample preparation limits the number of samples, and 
since there are multiple steps involved in solvent extraction, this technique is prone to 
loss of analytes. In addition, this extraction method requires large volumes of 
samples and solvents. Using large amounts of solvents can influence trace analysis, 
contribute to environmental pollution, and increase operational costs for waste 
disposal. In comparison, headspace sampling and purge-and-trap methods are 
relatively simple, faster, less tedious, and solvent-free extraction techniques. 
Nonetheless, some drawbacks of these methodologies include the risk of leaks and 
cross-contamination, and the possibility of compatibility issues with on-line operation 
with the use of high flow-rates (64). Moreover, purge-and-trap and/or simultaneous 
steam distillation processes can be expensive, and prone to methodological 
difficulties (65) and formation of artefacts (66). Nevertheless, in the past two 
decades, solvent-free sample preparation methods in general have been receiving 
increased attention, mainly because of regulatory pressures to use less toxic organic 
solvents, which is a move towards greener chemistry (67).  
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Solid-phase microextraction (SPME), a solvent-free alternative to sample 
preparation, was developed by Pawliszyn and co-workers in 1990 (68, 69). It utilises 
a fused silica fibre coated with an absorbent polymer, and analytes in the sample are 
directly isolated and concentrated to this coating material. The use of SPME can 
reduce the time spent on sample preparation, save the costs associated with solvent 
purchase and disposal, and improve the detection limits achieved (69-72). 
Headspace (HS)-SPME has been widely used for the extraction of strawberry 
volatiles (21, 27, 41, 61, 63, 65, 73-82) and was applied in the current study as well.  
 
1.5 Comprehensive two-dimensional gas chromatography (GC×GC) 
The volatile constituents of food samples, including strawberries, are normally 
profiled using one-dimensional gas chromatography (1D GC). Due to the diverse 
nature of these volatiles, a long GC run time may be required to achieve maximum 
separation power. In addition, co-elution of compounds frequently occurs, and this 
poses a major challenge for complete qualitative analysis, even when 1D GC is used 
with mass spectrometry (MS) (83). Comprehensive two-dimensional gas 
chromatography is an alternative, which posses superior separation capabilities. 
 
GC×GC can be defined as a chromatographic approach in which sample 
analytes are subjected to two different separation mechanisms coupled on-line (84). 
It is presently one of the most effective techniques available for complex sample 
analysis, offering significantly greater peak capacities and separation space than 
conventional one-dimensional gas chromatography (1D GC). Liu and Phillips 
described the first GC×GC separation in 1991 (85) and over the past two decades, 
many more researchers have contributed to this continually expanding field of 
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separation science. The key advantages of using GC×GC, particularly in the food 
and fragrance area, include greatly enhanced separation power and the possible 
determination of trace compounds not observable in 1D GC separations as a result of 
co-elution with large peaks (86).  
 
Figure 1. 2 Schematic of a basic GC×GC setup 
Modulator
Detector
1D
2D
Injector
(e.g. LMCS)
 
 
The conceptual diagram of a typical GC×GC setup, where both the first 
dimension (1D) and second dimension (2D) columns are installed in the same GC 
oven, is illustrated in Figure 1.2. This chromatographic technique is generally based 
upon separations performed on two GC columns of considerably different selectivity 
nature, joined together through a modulator, which periodically traps or samples the 
effluent from the 1D column, refocuses it into a narrow band and injects this focused 
fraction into the 2D column. An apolar × polar column set is commonly used in most 
GC×GC applications, and a major advantage of using an apolar 1D column is that it 
allows methods that have been previously employed in 1D GC to be transferred and 
applied in this system.  
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With an apolar column phase, volatility of each molecule is the only parameter 
of interest and, as a result, a boiling-point separation is obtained. For all other types 
of column phase (i.e. medium-polar, polar or shape-selective), separation will be 
mainly governed by the specific interaction(s) between solute and stationary phase of 
the selected “polar” column, but to some degree also by volatility. When using an 
apolar 1D column, each individual narrow fraction injected into the 2D column 
comprises of analytes with mutually closely similar volatilities. Following that, as a 
result of the fast and, therefore, isothermal separation in the 2D column, there will be 
no boiling-point contribution in that dimension for these analytes. Consequently, only 
the specific interactions between an analyte and the stationary phase will govern its 
retention, and the separation is “orthogonal”. Hence, this means that the two 
dimensions function statistically independently, and the whole 2D plane of the 
GC×GC chromatogram is available for peak separation (87, 88).  
 
In regards to modulators, there are several options available, which can be 
generally categorised as thermal modulators or valve-based modulators. In the 
current study, the longitudinally modulated cryogenic system (LMCS), which is 
classified as a thermal modulator, was used for modulation. The LMCS was first 
described by the present research group in the 1990s (89). Since this interface 
consists of a moving trap, one drawback of this modulator is the possible damage to 
columns. Furthermore, liquid CO2 is generally only able to cool the trap to about -50 
°C, and this temperature is not sufficiently low to trap and focus highly volatile 
compounds (86). Readers interested in a more in-depth discussion of the principles 
of GC×GC and instrumentation used are referred to several reviews articles available 
in the literature (86-88, 90-93). 
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Williams et al. (63) were the first to report the application of GC×GC, in 
particular enantioselective (chiral) GC×GC–FID, for the volatile profiling of 
strawberries.In this study, two directly coupled chiral 1D columns (i.e. EtTBS-β-CD 
and CycloSil B coated columns) and a more polar BPX50 2D column were used for 
the GC×GC separation of  analytes. The volatile profiles of two strawberry varieties, 
Adina and Selva, were compared and the effects of post-harvest storage on their 
volatile compositions were evaluated. The important findings reported by the study 
include the tentative identification of the (S)-enantiomer of furaneol and the (S)-
enantiomer of linalool as the predominant forms in the fruits of Adina and Selva. In 
regards to the effect of post-harvest storage, the levels of benzaldehyde, methyl 
butanoate and methyl hexanoate were shown to decrease in post-harvest 
strawberries, while furaneol and nerolidol were found to have increased upon 
storage. The authors also highlighted the overall benefit of using GC×GC for the 
improved resolution of a significantly greater number of strawberry volatile 
compounds. However, a limitation of the study was that the authors were only able to 
positively identify eight compounds in the GC×GC–FID profiles obtained, by 
comparing the two-dimensional retention coordinates of the sample analytes with that 
of standards. It was mentioned that although an adequate separation of the analytes 
in the 2D space was achieved, both strawberry matrices investigated were found to 
contain very few of the 21 standard compounds (analysed as part of a reference 
mixture) and thus, many analytes could not be identified. These authors thus 
proposed using GC×GC/mass spectrometry (MS) for the improved characterisation 
of strawberry volatiles. This recommendation was acknowledged in the current study, 
and GC×GC/ToFMS was used for the profiling of strawberries. 
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Mass spectrometry represents one of the most powerful detection technique 
used in 1D GC and this holds true for GC×GC as well. Among the MS detectors 
available commercially, the time-of-flight mass spectrometer (ToFMS) has been 
widely used in GC×GC. Since the ToFMS can reach fast acquisition rates of up to 
500 spectra per second, it is best suited to accommodate the very narrow 2D peaks 
with baseline peak widths between 50 to 600 ms generated during a GC×GC 
analysis (94). The first GC×GC/ToFMS food flavour application was reported by 
Adahchour et al. in 2002 (83). The authors used HS-SPME for the extraction of 
flavour volatiles from garlic powder, and analysed these volatiles using GC×GC–FID 
and GC×GC/ToFMS. Over the years, the HS-SPME–GC×GC/ToFMS methodology 
been also used to study the volatiles of a number of food samples such as wine (95), 
soursop fruit (96) and cacao beans (97). The current study would be the first to report 
on the application of this methodology for characterisation of strawberry volatiles. 
 
Although GC×GC/ToFMS systems are highly beneficial for chemical analysis, 
they are very expensive pieces of equipment and this cost is daunting to many 
laboratories (86). Furthermore, the size of the data files that are generated over the 
course of an GC×GC/ToFMS analysis can be very large, and the processing of these 
files and interpretation of data can be tedious and time-consuming. The difficulties 
faced when handling GC×GC/ToFMS data has been previously discussed by Dallüge 
et al. (98), and the challenges encountered in regards to the current study will be 
discussed in Chapter 2. 
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1.6 Factors influencing strawberry flavour quality 
Several factors can influence the flavour quality of fresh strawberries, which 
includes genetic make up of the fruit, environmental conditions during production, 
maturity stage, post-harvest handling, and storage (30). Applying the debate of 
“nature versus nurture” to strawberry flavour analysis, the present study mainly 
focussed on evaluating the effects of genotype, environment, and possible genotype-
by-environment interactions on strawberry volatile profiles as well as four quality 
parameters, namely, pH, titratable acidity (TA), total soluble solids (TSS) and TSS/TA 
ratio, as this could provided useful information to breeders as well as growers since if 
nature (i.e. genotype) is largely responsible for variation in strawberry flavour, then 
breeders may have the opportunity to breed for better varieties. On the other hand, if 
nurture (i.e. environment) is largely responsible, then growers may have the 
opportunity to alter growing conditions to maintain, improve or enhance strawberry 
flavour. The remainder of this section will look at the current understanding of how 
these factors can influence flavour quality. 
 
1.6.1 Genotype 
Numerous research studies have investigated the relationship between the 
character-impact volatiles and strawberry genotypes (21, 25, 31-33, 37, 60, 99-101). 
A common consensus of these studies is that the volatile compositions of different 
strawberry varieties can vary qualitatively and/or quantitatively. The total volatile 
content of ripe strawberries have been found to vary up to 35-fold as a result of 
cultivar differences (37). Several volatiles have also been reported to be variety-
specific aroma compounds, and examples include methyl anthranilate in fruits of F. 
vesca L. and Mieze Schindler (25); γ-decalactone in Vicomtesse Hericart de Thury 
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(31) and Elsanta (42); ethyl 3-methylbutanoate and 3-methyl acetate in Kent and 
Micmac; hexyl acetate in Honeoye (37), linalool (60) and heptan-2-one (42) in Senga 
Segana. Hence, the chemical characterisation of different strawberry varieties allows 
the identification of common as well as variety-specific volatiles. Furthermore, if 
sensory analysis is also performed concurrently, volatile compounds can be 
correlated with flavour attributes to investigate whether any variety-specific odour-
active compounds are contributing to the characteristic flavour of that variety. 
Although sensory evaluation was not performed in the current study, quality 
parameters such as pH, titratable acidity and total soluble solids were determined, 
and sugar:acid ratios were calculated with the aim of ranking strawberry varieties in 
terms of flavour quality, and subsequently elucidating possible volatiles that may be 
causing a difference in flavour.  
 
1.6.2 Environment 
The environment can have a significant influence on the flavour development 
in strawberries and this has been the subject of focus in several investigations 
described in the literature. A summary of such studies, most relevant in the context of 
the current study, is presented in Table 1.2, along with the key findings reported. 
Some of these studies were performed under open-field conditions (102-108), while 
some were in glasshouses or greenhouses (109-112). One of the study also obtained 
samples from a commercial packing house (80). Based on these studies, it appears 
that temperature may be the most important factor influencing quality attributes of 
strawberries. Nevertheless, the bulk of the information available in the literature has 
been based on overseas research. Hence, a major aim of the current study was to 
address the paucity of information available for Australian-grown strawberries.  
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Table 1. 2 Examples of published studies investigating the effects of environment-
related variables 
Factor Important findings Reference 
Volatiles compounds ethyl acetate, 
acetic acid, acetaldehyde, ethyl acetate, 
hexenal, methyl butanoate, ethyl methyl 
butanoate, hexanal, heptanone, ethyl 
butanoate, furanone, ethyl hexanoate, and 
ethyl methyl hexanoate exhibited highly 
significant differences with harvest dates. 
Sucrose, glucose and citric acid 
showed some significant differences. Sucrose 
concentration was found to have decrease 
over the harvest period while glucose and 
citric acid exhibited less evident trends. 
Watson et al., 
2002 (112) 
Colour, anthocyanin content, total 
soluble solids, levels of aroma compounds 
and ratio of methyl/ethyl esters varied with 
harvest date. 
Pelayo-
Zaldívar et al., 
2005 (80) 
Harvest date 
The soluble solids content, titratable 
acidity and volatile content of some or all 
genotypes studied varied with harvest date. 
Ester and terpenoid contents were 
Jouquand and 
Chandler, 
2008 (106) 
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Factor Important findings Reference 
significantly affected. 
Season Great seasonal variation in soluble 
solids content, titratable acidity for all 
genotypes. 
Jouquand and 
Chandler, 
2008 (106) 
Rainfall Rainfall damage to strawberries may 
include water soaking, surface etching and 
cracking. Flavour quality may be reduced by 
cloud cover during a rainfall event, as that 
may reduce photosynthesis and in turn, the 
levels of available sugars. 
Herrington et 
al., 2009 (105) 
Shading reduced the levels of volatile 
content if the fruit. It was suggested by the 
authors that a reduction in PAR may reduce 
the amount of primary metabolic products 
produced by the plant, and in turn, this may 
reduce the amount of raw materials for 
volatile production. 
Watson et al., 
2002 (112)  
Photosynthetically 
Active Radiation 
(PAR) 
The amount of PAR decreased under the 
rain cover but temperature and relative humidity 
were not affected. Esters decreased both 
qualitatively and quantitatively. The levels of 
mesifurane decreased while the number of 
aldehydes increased. There was also a 
Rohloff et al., 
2004 (113) 
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Factor Important findings Reference 
reduction in soluble solids content. 
Maximum average of 24 hours’ day air 
temperatures of above 20 °C, shortened fruit 
ripening time but increased total yield 
percentage.  
Dejwor and 
Radajewska, 
1997 (103)  
Day/night temperature can significantly 
influence phenolic content and antioxidant 
activity. Among four growing temperature 
combinations (18/12, 25/12, 25/22, 30/22 °C), 
plants grown at 30/22 °C produced 
strawberries with the highest phenolic content 
and antioxidant activity while those grown at 
18/12 °C had the lowest values.  
Wang et al., 
2003 (111) 
When plants of Everest, an 
everbearing strawberry variety, were grown in 
a temperature-controlled glasshouse, the 
yield and fruit number were significantly 
affected by the night-time temperature. A 
temperature optimum of 23 °C was 
recommended for maximum yield of 
strawberries. 
Wagstaffe and 
Battey, 2006 
(110)  
Temperature 
Temperature was found to influence 
specific fruit nutritional quality parameters, such 
Diamanti et 
al., 2009 (104) 
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Factor Important findings Reference 
as total acidity and fruit firmness. 
Increasing air or soil temperature in the 
greenhouse decreased the average fruit 
weight. The phenolic composition of 
strawberries was also significantly influenced 
by these two factors. However, dry matter, 
soluble solids content and titratable acidity 
were not affected. 
Josuttis, et al., 
2011 (109) 
Temperature and 
PAR 
For Elsanta (a day-neutral variety), 
climatic conditions (referring to the sum of 
daily average temperature and sum of daily 
average PAR) of 10 days prior to sampling 
had a greater influence than of 20 days. But 
for Korona (a short-day variety), climatic 
conditions of 5 days prior to sampling had a 
greater influence than of 10 days. 
Krüger et al., 
2009 (107) 
Mulch colour The concentrations of aroma 
compounds detected in strawberries grown 
over red plastic mulch were significantly 
higher than those grown over black mulch. 
The authors suggested that the red mulch 
was able to reflect more far-red (FR) and red 
light (R) than black mulch, and this may have 
Loughrin and 
Kasperbauer, 
2002 (108) 
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Factor Important findings Reference 
modified the gene expression to a higher 
degree, resulting in increased concentration 
of the aroma volatiles. 
In comparison to brown mulch, the use 
of white mulch was found to have increased 
the contents of the total phenolics and ellagic 
acid and as well as the antioxidant activity in 
strawberries. more than brown mulch. 
However, in regards to the total anthocyanin 
content, the use brown much resulted in 
higher levels. was highest in fruits grown on 
brown mulch. 
Anttonen et 
al., 2006 (102) 
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1.6.3 Genotype-by-environment (G×E) 
Identifying genotypes that are able to perform well over a range of 
environments is often confounded by the interaction effects between genotype and 
environment. This is because a group of varieties found to be performing in a 
particular way in one location and season may behave differently if the same group of 
varieties are tested in another location or season. The effects of G×E on parameters 
such as strawberry yield, total antioxidant capacity and content of sugars and acids 
have been previously reported in the literature (114, 115). In a recent study, Du et al. 
(116) evaluated the effects of growing location, cultivar, harvest date and cultivar × 
harvest date on the volatile composition of four blueberry cultivars, and found that 
location and/or harvest date influenced the volatile production of primarily only one 
cultivar (i.e. Primadonna). Although majority of the blueberry volatiles detected were 
found to be influenced primarily by genotype, G×E contributed more to the total 
variance than genotype or environment for some volatiles such as butyl acetate, (E)-
dihydrolinalool oxide, (Z)-dihydrolinalool oxide, α-terpineol, (E)-2-hexenol, 6-methyl-
5-hepten-2-one, hexanal, (E,Z)-2,6-nonadienal. 
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1.7 Research questions 
Each experimental chapter presented in this thesis aims to address one or more 
research questions. The details of these questions are as follows: 
 
 Chapter 2: What is the feasibility of using GC×GC/ToFMS for reliable, 
reproducible and accurate volatile profiling of strawberries? 
 
 Chapter 3: How do chemical profiles of strawberries vary between varieties 
(Albion versus Juliette)? How do Albion and Juliette rank in terms of flavour 
quality parameters? Which of the volatile compounds are able to best 
discriminate between the two varieties? 
 
 Chapter 4: How does the flavour quality of strawberries vary with 
environmental fluctuations, in regards to quality parameters and volatile 
composition? Which of the quality parameters and flavour compounds are 
significantly influenced by environmental fluctuations? Are there genotype-by-
environment interactions? What are the environmental parameters that have a 
significant impact on flavour development? Which variety is more 
environmentally stable? What are the range of environmental conditions 
favourable for open-field cultivation of Albion and Juliette strawberry plants? 
 
 Chapter 5: Which of the quality parameters and flavour compounds have high 
broad-sense heritabilities? What are the possibilities for breeding for 
enhanced, improved or novel flavours? 
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2 
Methodology for HS-SPME–GC×GC/ToFMS 
analysis of strawberry volatiles 
 
2.1 Introduction 
Isolation and concentration of strawberry volatiles are traditionally carried out 
using methodologies such as solvent extraction (32, 53, 60), liquid–solid extraction 
(117), steam distillation under vacuum (33) and purge-and-trap (29, 100, 118). 
However, with the introduction of solid-phase microextraction (SPME) in 1990 (68, 
69) and its increasing acceptance as a convenient headspace (HS) sampling 
methodology, HS-SPME has been gaining increasing preference among many 
researchers for extracting volatiles of strawberries (21, 41, 73, 74, 77, 78, 82, 119), 
mainly due to the drawbacks of the other extraction techniques as mentioned in 
Chapter 1 (Section 1.4). Being a solvent-free, inexpensive, fast and versatile 
extraction method, HS-SPME has attracted much attention for fruit flavour analysis, 
and was selected for this study for similar reasons. Optimisation of the HS-SPME 
conditions required to gain a good overall volatile profile of strawberries will be 
discussed in this chapter.  
Methodology for HS-SPME–GC×GC–ToFMS analysis 
 
 
 29 
One-dimensional gas chromatography (1D GC) has been commonly used to 
analyse strawberry volatiles (25, 31, 41, 73, 74, 76, 82). The present laboratory was 
the first to report the use of comprehensive two-dimensional gas chromatography 
(GC×GC) to study the volatile composition of strawberry cultivars, ‘Adina’ and ‘Selva’ 
(63). Since GC×GC was first introduced by Liu and Phillips in 1991 (85), this 
technique has been increasing in popularity, with over 500 journal articles found in 
the literature to date when the search terms “comprehensive two-dimensional gas 
chromatography” were entered in the ‘SciVerse Scopus’ abstract and citation 
database (120). Thus, it is becoming an established technique from an instrumental 
perspective. The combination of time-of-flight mass spectrometry (ToFMS) with 
GC×GC is regarded to be crucial for tentative or positive identification and/or 
confirmation of components in a sample separated by GC×GC. The current work has 
therefore incorporated the novel use of GC×GC/ToFMS for the chemically-resolved 
volatile profiles of strawberries.  
 
The processing of GC×GC/ToFMS data has to be approached in a systematic, 
clear and concise manner in order to obtain the relevant information. To date, there is 
very limited information available in literature detailing processing methods used to 
interpret GC×GC data, and how one should select the various processing options 
and parameters available in the LECO ChromaTOFTM software. This chapter also 
includes a detailed discussion of the processing method used to analyse strawberry 
volatiles. 
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2.2 Experimental 
2.2.1 Strawberry samples 
Strawberries (variety unknown) used for optimising HS-SPME conditions were 
purchased from a local supermarket. Experimental strawberry samples were 
obtained from a commercial farm or experimental site. Details regarding harvests of 
the three seasons will be provided in Section 3.2.1. The strawberries were picked at 
full maturity, and immediately packed in dry ice for transportation to the laboratory. All 
strawberries were stored at -86 °C prior to purée preparation. 
 
2.2.2 Reference Standards 
Methyl butanoate, 2,5-dimethyl-4-hydroxy-(2H)-furan-3-one (furaneol), ethyl 
butanoate, methyl 2-methylbutanoate, butyl acetate, furfural, benzaldehyde, hexyl 
acetate and (E)-hex-2-enal were purchased from Fluka Chemie GmbH (Buchs, 
Switzerland); hexanal, pentyl acetate, pentan-2-one, methyl hexanoate, ethyl 
hexanoate, linalool, methyl anthranilate, eugenol and methyl cinnamate were from 
Merck-Schuchardt (Hohenbrunn, Germany); 2,5-dimethyl-4-methoxy-(2H)-furan-3-
one (mesifuran), butanoic acid, hexanoic acid, octanoic acid, decanoic acid, heptan-
2-one, nonanal, δ-decalactone and ethyl 2-methylbutanoate were supplied by Aldrich 
Chemical Co. (Milwaukee, USA); dodecanoic acid, γ-decalactone, (Z)-hex-3-enal, γ-
dodecalactone, (E)-nerolidol, a mixture of (E)-nerolidol and (Z)-nerolidol, oct-1-en-3-
one, β-ionone, myrcene, 2-methylbutanoic acid, ethyl 2-methylpropanoate, (Z)-hex-3-
en-1-ol, 3-hydroxybutan-2-one, cinnamyl acetate and (E)-non-2-enal were gifts from 
Australian Botanical Products Pty Ltd (Hallam, Victoria). A reference mixture of these 
standards, excluding the mixture of (E)-nerolidol and (Z)-nerolidol, was prepared in 
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absolute ethanol (BDH Laboratory Supplies, Poole, Dorset, UK) and diluted to obtain 
a 50 mg/L working solution. Since it was not possible to accurately determine the first 
and second dimension retention times for (Z)-hex-3-enal and furaneol with this 
reference mixture, a second reference mixture was prepared with these two 
compounds as well as the the mixture of (E)-nerolidol and (Z)-nerolidol. 
 
A series of alkanes (C8−C22) was purchased from Sigma-Aldrich (NSW, 
Australia) and a 10 mg/L alkane mix was prepared in hexane (pesticide analysis 
grade, 99.7%; BDH Laboratory Supplies, Poole, Dorset, UK). 
 
2.2.3 HS-SPME 
A SPME fibre holder for manual sampling and a 65 µm 
polydimethylsiloxane/divinylbenzene (PDMS/DVB) StableFlex fibre (Supelco, 
Bellefonte, PA, USA) were used for the extraction of strawberry volatile compounds. 
The fibre was conditioned according to the manufacturer’s instructions before use. 
 
For the HS-SPME optimisation study, twelve whole fruits were thawed at room 
temperature for 3 hours, sepals and calyx removed and puréed at constant speed for 
1 min using a hand-held blender. Approximately 1 g of purée was introduced into a 
clear 4 mL, screw top vial using a micro-pipette, and sealed with a black 
polypropylene hole-in-cap lid and PTFE/silicone septum (Agilent Technologies, USA). 
Each vial (and lid with septum) was weighed on an analytical balance, when empty 
and after addition of the purée. Twenty such vials were needed for the study and six 
spares were also prepared, which were used for the validation of the optimised 
conditions. 
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For each experimental sample, five whole fruits were puréed and ten vials for 
HS-SPME were prepared as described above, of which three were used for 
GC×GC/ToFMS analyses and defective runs were repeated with the spares.  
 
All vials prepared were stored at -86 °C until instrumental analysis was 
performed. 
 
Following optimisation, during a typical HS-SPME extraction routine, a vial 
containing the strawberry purée was first thawed at room temperature for 30 min and 
then vortexed for 1 min. The vial was next placed in a heating block at 60 °C for 10 
min (equilibration time). The SPME fibre was then exposed to the headspace for 30 
min before manual injection. Desorption of the fibre was carried out in the GC 
injection port at 250 °C for 3 min. 
 
2.2.4 HS-SPME optimisation strategy 
The HS-SPME optimisation study was designed and analysed using Minitab 
(v. 15; Minitab Inc., State College, PA, USA) based on a central composite design 
(CCD, with α = 1). The effects of extraction temperature (Tex; 40 − 80°C), 
equilibration time (teq; 10 − 30 min) and extraction time (tex; 10 − 60 min) were 
evaluated. Experiments (refer to Table 2.1) were carried out in two blocks with a total 
of 20 runs in a randomised order.  
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Table 2. 1 Experimental conditions of the CCD design used for HS-SPME 
optimisation study 
Experiment 
no. 
Point type* Tex (°C) teq (min) tex (min) 
1 1 40 10 10 
2 1 40 30 10 
3 1 40 10 60 
4 1 40 30 60 
5 1 80 10 10 
6 1 80 30 10 
7 1 80 10 60 
8 1 80 30 60 
9 0 60 20 35 
10 0 60 20 35 
11 0 60 20 35 
12 0 60 20 35 
13 -1 60 10 35 
14 -1 60 30 35 
15 -1 60 20 10 
16 -1 60 20 60 
17 -1 40 20 35 
18 -1 80 20 35 
19 0 60 20 35 
20 0 60 20 35 
 
*: Type 0 indicates center points; 1 indicates cube points; -1 indicates axial points 
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2.2.5 GC–FID conditions 
Since it was not necessary to know the identities of the eluting peaks, the HS-
SPME optimisation experiments were performed using a GC–flame ionisation 
detector (FID) system. A HP6890 GC (Agilent Technologies, Burwood, Australia) was 
used, coupled to a FID, and GC separations were conducted on a 30 m × 0.25 mm 
ID × 0.25 µm df BPX5 (5% phenyl polysilphenylene-siloxane; SGE International, 
Ringwood, Australia) column. The oven temperature was held at 40 °C for 2 min 
before ramping to 240 °C at 4 °C/min and held for a further 5 min to ensure all 
compounds eluted. The injector was operated at 250 °C in the splitless mode with a 
purge time of 2 min. The temperature of the FID was set at 250 °C and the data 
acquisition rate was set at 20 Hz. Hydrogen was used as the carrier gas at a flow rate 
of 1.5 mL/min. 
 
2.2.6 GC×GC/ToFMS conditions 
GC×GC/ToFMS analysis was carried out using a HP 6890N GC (Agilent 
Technologies, Palo Alto, CA, USA) coupled to a Pegasus III ToFMS instrument 
(LECO, St. Joseph, MI, USA) and retrofitted with an Everest model Longitudinally 
Modulated Cryogenic System (LMCS; Chromatography Concepts, Doncaster, 
Australia). The column set consisted of a low-polarity, 30 m × 0.25 mm ID × 0.25 µm 
df BPX5 primary column, and a polar, 1.0 m × 0.10 mm ID × 0.10 µm df BP20 
(polyethylene glycol; SGE International, Ringwood, Australia) secondary column. The 
oven temperature programme described in Section 2.2.5 was used. The injector was 
operated at 250 °C in the splitless mode for 2 min. For analysis of the alkanes or 
strawberry reference mixture, a sample volume of 0.2 µL was injected using an 
Agilent 7863 Series auto-sampler (Agilent Technologies, Palo Alto, CA, USA). Helium 
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was used as the carrier gas at a flow rate of 1.5 mL/min. The modulation period (PM) 
was set at 6 s and the cryogenic trap was maintained at ~ –20 °C. The ToFMS was 
operated at a m/z 45–415 mass range; a data presentation rate of 100 spectra/s ; an 
ion source temperature of 230 °C; an ionisation energy of 70 eV; a transfer line 
temperature of 280 °C and a detector voltage of 1600 V. 
 
2.2.7 GC×GC/TOFMS data processing 
LECO ChromaTOFTM software (v. 3.32) was used to process the total ion 
chromatograms (TICs) acquired and a processing method was created based on the 
parameters outlined in Table 2.2. 
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Table 2. 2 Data processing parameters used in ChromaTOF software 
Task Parameter Setting 
1. Baseline offset 0.8 
2. Number of data points 
averaged for smoothing Auto (Default) 
3. 2D peak width in seconds 0.3 
4. Maximum number of unknown 
peaks 1000 
5. Signal to noise ratio (S/N) 100 
Baseline and 
peak find 
6. Number of apexing masses 2 (Default) 
7. Match required to combine 700 GC×GC 
parameters 8. 1D peak width in seconds 18 
9. Library identity search mode Normal; forward 
10. Number of library hits 10 (Default) 
11. Minimum molecular weight 45 
12. Maximum molecular weight 415 
13. Mass threshold 50 
14. Minimum similarity match 
before name is assigned 700 
Library search  
15. Libraries used 
1. Adams  
2. NIST98 
mainlib 
Area/height 
calculation 16. Mass used U (Unique mass) 
Conversion of 
1tR to 1I value 
17. Retention index method 
selected 
Subjected to day 
of experimental 
work (see Table 
2.3 for example) 
 
1tR: First dimension retention time; 1I: First dimension retention index 
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Table 2. 3 An example of a retention index method data used for data processing 
and assignment of 1I values 
No. Name 1tR (s) 1Ilit 
1 Octane (C8) 553.21 800 
2 Nonane (C9) 769.37 900 
3 Decane (C10) 1003.49 1000 
4 Undecane (C11) 1237.57 1100 
5 Dodecane (C12) 1465.64 1200 
6 Tridecane (C13) 1681.64 1300 
7 Tetradecane (C14) 1879.69 1400 
8 Pentadecane (C15) 2071.71 1500 
9 Hexadecane (C16) 2245.78 1600 
10 Heptadecane (C17) 2419.81 1700 
11 Octadecane (C18) 2575.82 1800 
12 Nonadecane (C19) 2731.90 1900 
13 Eicosane (C20) 2875.94 2000 
14 Heneicosane (C21) 3013.96 2100 
15 Docosane (C22) 3145.62 2200 
 
Literature first dimension retention index  (1Ilit) values were obtained from (121). 
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2.2.8 Data presentation 
GC–FID signals were exported in the ASCII format from Agilent Chemstation 
(v. B.04.01; Agilent Technologies, Palo Alto, CA, USA) and plotted using Microcal 
Origin software (v. 7.5; Microcal Software, Inc, Northampton, MA, USA). 
 
Response surface plots were generated by Statistica (v. 5.0; StatSoft, Inc., 
Tulsa, OK, USA) using regression coefficients of the uncoded data from the Minitab 
statistical output. 
 
Two-dimensional contour plots of the GC×GC chromatographic data were 
generated using ChromaTOF.  
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2.3 Results and discussion 
2.3.1 Extraction of strawberry volatiles by HS-SPME 
The PDMS/DVB fibre was selected for the HS-SPME procedure since its 
efficiency at extracting volatile flavour components has been proven by several 
studies (65, 122, 123). In particular, Song et al. (65) evaluated the partition 
coefficients of three fibre coatings, namely, PDMS, PDMS/DVB, and Carbowax 
(CW)/DVB, for a number of important strawberry flavour compounds, and 
PDMS/DVB was determined to be the preferred polymer phase when analysing the 
volatile composition of strawberries. Some studies, published in the last five years, 
have reported that the use of a 2 cm 50/30 µm DVB/carboxen(CAR)/PDMS fibre to 
extract aroma-active strawberry volatiles (21, 41, 61). However, it has been 
mentioned in the literature that a 65 µm PDMS/DVB StableFlex fibre was just as 
effective as a 2 cm 50/30 µm DVB/CAR/PDMS fibre for the isolation and 
concentration of strawberry volatiles (76).  
 
Since extraction temperature, equilibration time and extraction time can greatly 
influence the vapour pressure and equilibrium concentration of analytes in the 
headspace of a sample, these variables were selected for the optimisation 
procedure. The response surface design methodology was used in order to study the 
effect of each factor as well as any potential interactions between them. Experimental 
values for the three variables were chosen with the aim of covering a good range of 
conditions. Since the different combinations of experimental conditions investigated 
had a strong influence on peak area values while the number of chromatographic 
peaks detected remained virtually unchanged (see Figure 2.1), the sum of peak 
areas was selected to be the response parameter for the study.  
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Figure 2. 1 GC–FID profiles acquired in optimisation experiments number 4, 8 and 
12 
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A response surface regression analysis, which allowed the influence and 
statistical significance of each variable and their interactions to be evaluated, was 
performed on the data in three different approaches, with the level of significance set 
at 5% (refer to Appendices 2.1 to 2.3 for the Minitab output). The first approach 
involved using the sum of peak areas of all the compounds eluting before 20 min as 
the response in order to consider the effect on the extraction of highly volatile 
compounds. The second approach was to focus on compounds eluting after 20 min, 
which would be the less volatile ones. The last approach was to look at the total peak 
area of all eluting compounds. In all three cases, only extraction temperature, 
extraction time and the interaction between these two factors were found to be highly 
significant (p < 0.01), with extraction temperature exhibiting the greatest effect. On 
the other hand, it was the influence that these factors and their interaction had on 
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extraction that varied between the cases. In the first approach, extraction time had a 
positive influence while extraction temperature and extraction temperature × 
extraction time demonstrated negative influences. In the remaining two approaches, 
both variables and their interaction positively influenced the extraction of analytes. 
The results obtained indicate that for highly volatile compounds, when extraction 
temperature increases, the analytical signal decreases while for less volatile 
compounds, the contrary occurs. An r2 value of over 97% was achieved for all three 
different regression equations generated suggesting good fit of the data to the model. 
Furthermore, performing the optimisation experiments in two blocks did not have any 
significant effect on the data acquired.  
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Figure 2. 2 Response surface plot for total peak area of compounds eluting before 
20 min versus extraction temperature (°C) and extraction time (min) 
 
 
Referring to Figure 2.2, the response surface plot indicated that the 
approximate values of 40 °C and 60 min for extraction temperature and extraction 
time, respectively, resulted in the best global response when considering the 
extraction of highly volatile compounds. On the other hand, an extraction temperature 
of about 80 °C and an extraction time of roughly 60 min appeared to be more 
favourable conditions when considering the extraction of less volatile compounds as 
well as all eluting compounds on the whole (Figures 2.3 and 2.4). A compromise had 
to be reached between these two options. In addition, concerns regarding the limited 
thermal stability of volatile analytes in the strawberry matrix and the duration of the 
entire HS-SPME procedure had to be addressed. Since equilibration time was not 
significant at the 0.05 level, it was decided that the minimum value of the range 
investigated would be sufficient. Consequently, an extraction temperature of 60 °C, 
equilibration time of 10 min and extraction time of 30 min were chosen for all further 
experimental work.  
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Figure 2. 3 Response surface plot for total peak area of compounds eluting after 20 
min versus extraction temperature (°C) and extraction time (min) 
 
 
 
Figure 2. 4 Response surface plot for total peak area of all eluting compounds 
versus extraction temperature (°C) and extraction time (min) 
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2.3.2 Strawberry reference mixture 
The reference mixture prepared comprised of 42 volatile compounds that have 
been reported in literature to be odour-active constituents of strawberry aroma (25, 
29, 47, 124). It was used to optimise GC×GC conditions for the study as well as to 
create a reference table for peak identification purposes (as discussed in the next 
chapter). Figure 2.5 illustrates the GC×GC/ToFMS profile of the strawberry reference 
mixture along with peak assignments as provided in Table 2.4, which also includes 
the first dimension retention time (1tR), second dimension retention time (2tR) and first 
dimension retention index (1I) data for the standards acquired under the 
chromatographic conditions specified in Section 2.2.6. 
 
Figure 2. 5 GC×GC/ToFMS profile of the strawberry reference mixture on the 
apolar/polar column set 
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 Table 2. 4 GC×GC/ToFMS reference data of strawberry standard mixture 
No. Standard CAS 1tR (s) 2tR (s) Match Quality U 1I 1Ilit ∆ (1I - 1Ilit) 
1 Pentan-2-one 107-87-9 378 1.89 927 86 720   
2 3-Hydroxybutan-2-one 513-86-0 414 1.29 953 45 736   
3 Methyl butanoate 623-42-7 420 1.87 936 74 739 729i 10 
4 Ethyl 2-methylpropanoate 97-62-1 480 1.70 851 71 767 756ii 11 
5 Methyl 2-methylbutanoate 868-57-5 510 1.78 938 57 781   
6 Ethyl butanoate 105-54-4 552 1.90 979 71 800 804i -4 
7 Hexanal 66-25-1 552 2.21 961 56 800 808iii -8 
8 (Z)-Hex-3-enal* 6789-80-6 552 2.67 903 69 801   
9 Butyl acetate 123-86-4 582 2.10 970 56 814 811i 3 
10 Butanoic acid 107-92-6 606 2.74 922 60 826 768iv 58 
11 Furfural 98-01-1 630 4.58 948 96 838 836i 2 
12 Ethyl 2-methylbutanoate 7452-79-1 654 1.87 963 57 847 850ii -3 
13 (E)-Hex-2-enal 6728-26-3 666 3.15 972 55 854 864iv -10 
14 (Z)-Hex-3-en-1-ol 928-96-1 678 0.60 976 67 858 863iv -5 
15 Heptan-2-one 110-43-0 744 2.52 938 58 889 892i -3 
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No. Standard CAS 1tR (s) 2tR (s) Match Quality U 1I 1Ilit ∆ (1I - 1Ilit) 
16 2-Methylbutanoic acid 116-53-0 750 1.06 929 74 892 838ii 54 
17 Amyl acetate 628-63-7 798 2.24 946 70 913 915i -2 
18 Methyl hexanoate 106-70-7 822 2.31 948 74 923 932vi -9 
19 Benzaldehyde 100-52-7 924 0.98 972 77 966 981vi -15 
20 Oct-1-en-3-one 4312-99-6 948 2.82 924 55 978 978ii 0 
21 Myrcene 123-35-3 978 1.88 962 93 990 998iii -8 
22 Ethyl hexanoate 123-66-0 996 2.30 960 88 998 998i 0 
23 Hexyl acetate 142-92-7 1032 2.45 933 56 1013 1019iii -6 
24 Hexanoic acid 142-62-1 1062 4.09 932 60 1027 969iv 58 
25 Mesifuran 4077-47-8 1146 5.47 923 142 1063 1057ii 6 
26 Linalool 78-70-6 1242 4.15 955 71 1104 1105vi -1 
27 Nonanal 124-19-6 1248 2.64 964 57 1106 1117v -11 
28 Furaneol* 3658-77-3 1272 5.84 923 57 1118 1060ii 58 
29 (E)-Non-2-enal 18829-56-6 1374 3.28 972 55 1161 1176v -15 
30 Octanoic acid 124-07-2 1506 2.67 919 60 1220 1151iv 69 
31 Methyl anthranilate 134-20-3 1830 4.96 919 119 1377 1337i 40 
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No. Standard CAS 1tR (s) 2tR (s) Match Quality U 1I 1Ilit ∆ (1I - 1Ilit) 
32 Eugenol 97-53-0 1836 2.84 945 164 1379 1390vi -11 
33 Methyl cinnamate 103-26-4 1878 0.32 928 131 1399   
34 Decanoic acid 334-48-5 1908 4.92 885 60 1417   
35 Cinnamyl acetate 103-54-8 1980 0.21 924 115 1452 1446i 6 
36 γ-Decalactone 706-14-9 2034 5.69 954 85 1483 1467i 16 
37 β-Ionone 14901-07-6 2040 3.59 950 177 1485 1491v -6 
38 δ-Decalactone 705-86-2 2082 5.88 954 99 1509 1494i 15 
39 (Z)-Nerolidol* 142-50-7 2124 3.45 925 69 1532 1533i -1 
40 (E)-Nerolidol 40716-66-3 2184 3.55 946 69 1567 1570v -3 
41 Dodecanoic acid  143-07-7 2298 2.22 899 60 1631 1567i 64 
42 γ-Dodecalactone 2305-05-7 2412 5.16 960 85 1699 1678i 21 
 
CAS: “Chemical Abstract Service” registry number; U: Unique ion mass 
*These standards were analysed as part of a separate reference mixture from the other standard compounds.  
1Ilit values were obtained from i) (121), ii) (47), iii) (125), iv) (106), v) (49) and vi) (126). 
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The 1Ilit values consulted for this work were obtained from references which 
either used a 1D GC system with a column of comparable phase composition (i.e. 
similar polarity) to a BPX5 column (47, 106, 121)) or a 2D GC system with an 
identical column set as the current work (i.e. a BPX5 1D column and a BP20 2D 
column) (49, 125, 126). As seen in Table 2.4, when compared with 1Ilit values 
obtained from 1D GC systems, the ∆ (1I - 1Ilit) values were mostly positive values. 
One possible explanation could be that although the 1D column had a similar phase 
composition to the reference column, the use of a polyethylene glycol based polar 
phase 2D column could have shifted the retention indices to larger values than those 
reported in literature, as suggested by Cardeal et al. (126). These shifts were mainly 
dependent on the polarity of each molecule, which primarily governs the 
interaction(s) between solute and stationary phase in a polyethylene glycol phase 
column, with acids (highly polar molecules) such as butanoic acid, 2-methylbutanoic 
acid, hexanoic acid, octanoic acid and dodecanoic acid, exhibiting the largest shifts 
(> 50). When compared with 1Ilit values obtained from 2D GC systems, the ∆ (1I - 1Ilit) 
values were mostly negative values. Nonetheless, the ∆ (1I - 1Ilit) values for the 
standards were generally within the range of ±10. Hence, this criterion was adopted 
for retention index match when identifying compounds in a real sample.  
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2.3.3 GC×GC/ToFMS 
A BPX5×BP20 column set was selected for the work, given that it has been 
used for several other food flavour applications (49, 126-128). The apolar×polar 
column configuration corresponds to normal “orthogonality”. Although the present 
laboratory previously used enantioselective (chiral) columns to study key 
enantiomers in strawberry flavour (63), this was not an objective of the current 
research. The chosen column set was deemed suitable for fingerprinting the 
strawberry varieties analysed, and for monitoring variations in volatile composition 
within a season and between seasons. As shown previously in Figure 2.5, adequate 
resolution of the standard mixture was obtained and the 2D separation space 
appeared to be well utilised. During trial-and-error GC×GC method optimisation, 
different PM settings of 4 s, 5 s and 6 s were tested. The PM was adjusted according 
to the 2tR of γ-decalactone (peak # 36) since this compound was detected in all 
preliminary experimental work performed with strawberry samples, and it had one of 
the longest 2tR. A PM of 6 s was considered as an appropriate compromise, providing 
adequate time for completion of the 2D analysis and an acceptable MR without 
excessive wrap-around. 
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2.3.4 Data processing and analysis 
Over 240 GC×GC runs were processed and analysed during the course of 
candidature. When dealing with data from three harvest seasons, extraction of 
pertinent information can be demanding. In order to establish a systematic approach 
to routine and reliable data processing, that is suitable as a general method which 
can be applied to all comprehensive separation profiles of the strawberry extracts, 
preliminary data processing experiments that involved alteration of critical parameters 
covering extracts from different stages (within a season) and seasons were tested. 
This is important, because components that vary in concentration, but may prove to 
be valuable indicators of flavour profiles, need to be adequately measured and 
reported. Thus, qualitative and quantitative assessments for these markers need to 
be assured. 
 
When creating the processing method for strawberry samples, ‘baseline’, 
‘peak find’, ’library search’, ‘calculate area/height’ and ‘retention index method’ were 
the tasks selected in the ChromaTOF software. For each of these tasks, individual 
parameters had to be considered and optimised, as noted in Table 2.2. The value for 
parameter 3 was chosen by determining the second dimension (2D) peak width of an 
early eluting compound, which was well separated in the 2D space i.e. a symmetrical 
elliptical spot. A S/N ratio of 100 (parameter 5) was used since it generally enabled 
almost all compounds of interest to be detected and quantified, generating 100 to 
200 separate reported peaks in the peak table. Too low a S/N risks reporting peaks 
with insignificant response, or of low certainty, whereas too high a value may miss 
low abundance peaks. The magnitude for parameter 8 was calculated by multiplying 
the modulation period used by a factor of 3. This was based on the assumption that 
there were three modulations (3 × 6 s = 18 s) across a first dimension peak. It should 
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also be noted that this is an interactive parameter with S/N, since it has been shown 
that the number of modulations depends on abundance of the peak, according to the 
modulation ratio MR (129). The unique mass option was chosen for area/height 
calculation (parameter 16) thus the ion mass chosen as ‘quant mass’ was identical to 
the unique mass. For parameter 17, a retention index (I) method was created (refer 
to Table 2.3) by analysing the C8–C22 alkane mix to obtain 1D retention times, which 
were subsequently used by the software as part of the processing method to 
automatically calculate 1D I values (1I) for sample peaks using the van Den Dool and 
Kratz formula (130). 
 
Automated data processing generated peak tables which included ‘compound 
name’, 1tR, 2tR, ‘unique mass’, ‘quant mass’, ‘similarity’, 1I and ‘peak area’. 
Nevertheless, the correctness of the peak assignments needed to be evaluated. The 
algorithm employed by the ChromaTOF software could select differing unique 
masses for the same component across different strawberry samples, and often even 
between replicate chromatograms of the same sample. This could affect 
quantification of that component across the samples, and so generally it was felt a 
common ion was preferred here. Others have also experienced this problem (131), 
and since this variation is not within the user’s control, it is best to accommodate it. A 
unique mass for a component was first decided by considering the mass selected by 
the software, as well as the mass spectra of the most relevant library hit for that 
component. It was then ensured that the same unique mass was used as the ‘quant 
mass’ for that component for all chromatograms in an experiment by manually 
changing the ‘quant mass’ in the peak table generated by the software. Furthermore, 
a broad peak in 1D or 2D can be recognized as two or more peaks by the data 
processing procedure thus resulting in multiple peak assignments for the one analyte. 
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In such cases, the multiple peaks were combined to obtain the collective peak area 
for the compound after ensuring that their mass spectra matched. In some instances, 
compounds can also co-elute in 2D as observed in Figure 2.6, where two peak 
apexes for m/z = 71 (butyl hexanoate) and m/z = 99 (hexyl butanoate) were 
separated by only 0.03 s in the second dimension. However, since the ChromaTOF 
software utilises a deconvolution algorithm as part of the data processing routine, it 
was possible to identify co-eluting components based on their deconvoluted mass 
spectra and library match.  
 
Figure 2. 6 Deconvoluted mass spectra determined for two compounds, butyl 
hexanoate and hexyl butanoate, exhibiting co-elution in 2D 
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One of the preliminary data processing experiments also included the use of 
the ‘compare’ option in the software, whereby a ‘reference’ table was created from 
the processed GC×GC/ToFMS data of standard analytes, and used for comparison 
when processing a sample chromatogram. However, the use of this function did not 
seem to significantly reduce the time spent on evaluating processed data. For 
instance, although some of the reference compounds were evidently present in a 
sample chromatogram, these sample peaks were not matched with the reference 
analytes, largely due to shifts in 1tR outside the defined limits in the comparison 
criteria. There were also cases of incorrect peak matches, in which the software did 
not allow the ‘quant mass’ to be manually corrected. Therefore, it was concluded that 
the ‘compare’ function was not particularly suitable for this work. 
 
The repeatability and reproducibility of measurements were also investigated 
by performing triplicate GC×GC/ToFMS analyses on fruits of Albion from the same 
harvest date, on the same day of experimental work and on three different days (at 
least two weeks apart), using the “optimised” sampling and analytical conditions 
mentioned above. Both were considered adequate to allow sample-to-sample 
comparison, with respect to GC×GC retention reliability as well as in the confirmation 
of the presence of peaks in different samples to support the identifications described 
in the next chapter. 
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2.4 Conclusion 
Optimising the HS-SPME conditions by considering both highly volatile and 
less volatile compounds has allowed for the attainment of reasonable overall volatile 
profiles of strawberries. GC×GC/ToFMS is a potentially useful tool for profiling 
strawberry volatile compositions with the increased sensitivity and resolution provided 
over classical 1D GC. It is indeed crucial to create a ToFMS data processing method 
best suited for the purpose of the study and the sample analysed. The next chapter 
discusses the application of the methodology outlined in this chapter for the analysis 
of two strawberry varieties.   
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3 
Albion versus Juliette: A case study 
 
3.1 Introduction 
Albion and Juliette are two popular cultivated Fragaria × ananassa varieties 
grown in Victoria for their highly flavoursome fruits. Albion is a day-neutral variety 
released from the University of California Davis breeding program and was made 
commercially available in Australia since 2008 (132). It fruits from November to May 
in Victoria, yielding strawberries that are large (~20 g), red with an orange-red flesh, 
typically long, conical in shape, and symmetrical. On the other hand, Juliette is a 
short-day variety that was bred as part of the Victorian Department of Primary 
Industries strawberry breeding program and commercialised in 2008 (133). It fruits 
from September to January, producing strawberries that can be extremely large 
(fruits can weigh more than 40 g during Spring), glossy, bright red with a medium red 
flesh, and uniformly conic in shape. 
 
Albion is presently the most widely planted strawberry variety in Victoria while 
Juliette has been receiving increasing interest and support from Victorian farmers 
since its release. In 2009, an estimated 7.5 million Albion plants were planted in 
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Victoria and this figure doubled in 2010, with more than 16.5 million plants were 
planted. In the case of Juliette, about 32,000 plants were planted in 2009 while 2010 
saw over a 12-fold increase with over 390,000 plants (134). Albion and Juliette were 
selected as candidates for a comparative study since the former was the leading 
overseas variety grown in Victoria and the latter was the most recent variety released 
from the Victorian breeding program. 
 
In this chapter, details of how compounds were identified using 
GC×GC/ToFMS will be discussed and the GC×GC volatile profiles of Albion and 
Juliette will be presented. The chemical compositions and fruit quality characteristics 
of the two varieties will also be compared. In addition, volatile compounds that best 
discriminate the two strawberry varieties will be identified. 
  
The GC–FID volatile profile of Albion has been previously published by 
Gunness et al. (79). However, the authors provided no peak identifications. 
Therefore, the current research could be considered the first to report on the volatile 
compositions of Albion and Juliette, with component identifications. 
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3.2 Experimental 
3.2.1 Strawberry varieties 
Ripe fruits of strawberry varieties, Albion and Juliette, were harvested from a 
commercial farm in Coldstream, Victoria for the 2008/09 (when only Albion was 
available) and 2009/10 (when both varieties were sampled) seasons. A section, 
consisting of approximately 50 plants, of a particular row (closest to the weather 
station for the case of Albion) was selected for each variety and fruits were picked at 
random over the selected section. These strawberry plants were in their first year for 
the 2008/09 season and in the second year for the 2009/10 season.  
 
For the 2010/11 season, both varieties were sampled from an experimental 
site in Wandin North, Victoria, and the strawberry plants were in their first year. 
These two varieties formed part of a larger experiment where a total of eight varieties 
were laid out in a randomised block design with two plot replicates and 24 plants per 
plot (refer to Figure 3.1 for plot setup). Plants of Albion were planted in row number 
2/plot number 4 (R2/P4) and row 3/plot 2 (R3/P2) while plants of Juliette were 
planted in row 2/plot 1 (R2/P1) and row 4/plot 3 (R4/P3). Samples were collected 
weekly from January to March for the 2008/09 season (nine harvest dates in total) 
and from November to January for the 2009/10 (11 harvest dates for Albion; 4 for 
Juliette) and 2010/11 seasons (10 harvest dates for both varieties). For the 2010/11 
season, fruits from both plot replicates were available for sampling for 7 out of 10 
weeks for Albion (seven samples from plot replicate R2/P4 and ten samples from 
R3/P2), and 9 out of 10 for Juliette (nine samples from plot replicate R2/P1 and ten 
samples from R4/P3). 
Albion versus Juliette 
 
 
 58 
Figure 3. 1 Plot setup for Season 2010/11 sampling (A: Albion; J: Juliette; WS: 
weather station; P: Plot; R: Row)  
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P1
R1 R2 R3 R4
 
 
The volatile compounds were extracted by HS-SPME (Section 2.2.3) and 
analysed by GC×GC/ToFMS (Section 2.2.6) using protocols as described in 
previous sections. 
 
3.2.2 Determination of pH, titratable acidity (TA) and total soluble solids 
(TSS) 
After preparing the SPME vials, the remaining purée was passed through a 
muslin cloth and the filtered extract was used for determining pH, TA and TSS. 
 
The pH value of the filtered strawberry purée extract was measured using a 
pH meter (pH 211; Hanna Instruments, USA), which was calibrated with pH 4 and 7 
standard solutions before use. TA was determined by means of an acid−base titration 
method, whereby 5 g (~ 5 mL) of the filtered strawberry extract was diluted with 100 
mL of deionised water and titrated to pH 8.1 using 0.1 M NaOH (accurate 
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concentration determined on the day of experimental work), and expressed as citric 
acid equivalent as follows (135):  
extract filtered of mL 5
1000640(g/100ml) acidCitric ×××= . NV  NaOHNaOH , 
where VNaOH is volume of NaOH solution used for titration (mL) and NNaOH is 
normality of NaOH solution. Three independent determinations were performed for 
each strawberry sample collected. 
 
The TSS content was measured in degrees Brix (°Brix) with a hand 
refractometer (Universal type; UHR-1; Shibuya Optical Co., Ltd, Japan) at 20 °C. The 
refractometer was calibrated with deionised water and the lens was carefully rinsed 
and cleaned between readings. For each experimental sample, three sub-samples of 
the filtered strawberry purée extract were measured and the average °Brix value was 
calculated. 
 
3.2.3 Data organisation 
Following evaluation of a processed GC×GC/ToFMS data file as described in 
Section 2.3.4, the peak table was copied and pasted into a Microsoft Excel 
(Microsoft Office 2003) spreadsheet. Peaks with a library match below 800 out of 
1000 and peaks detected in the headspace of an empty SPME vial were then 
deleted. Since each experimental sample was measured in triplicate, data had to be 
extracted from three GC×GC/ToFMS data files. Absolute peak areas of compounds 
identified were first corrected for differences in mass of the purée in vials. These 
values were then normalised using total peak area of all compounds positively or 
tentatively identified by GC×GC/ToFMS for that data file (i.e. normalised peak area of 
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compound = absolute peak area of compound/sum of all compounds identified) and 
organised into a data matrix. Dixon’s Q-test (136, 137) was performed on replicates; 
outliers were removed and average normalised peak areas (referred to as ‘data point 
means’ since each harvest date was considered as a data point) were calculated for 
the compounds. ‘Seasonal means’ for the target compounds were then calculated for 
each variety from data point means within a harvest season. For the 2010/11 data, 
‘overall data point means’ were determined by averaging values of both plot 
replicates, before calculating seasonal means. Subsequently, subset data matrices 
were constructed for volatile compounds detected over at least 50% of the harvest 
dates (referred to as ‘50% dataset’), and at least 80% of the harvest dates (referred 
to as ‘80% dataset’) in Albion and/or Juliette. 
 
Data point means (as well as overall data point means for the 2010/11 data) 
and seasonal means were also calculated for pH, TA, TSS and TSS/TA ratio. 
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3.2.4 Fisher’s ratio 
Variances in overall data point means within a season (referred to as 
‘seasonal variances’), in regards to each variety, were calculated for volatile 
compounds included in the 2010/11 50% dataset. Pairwise Fisher’s ratios (138) 
between the two classes (i.e. strawberry varieties) were then calculated for those 
compounds using the formula:  
( )
julalb
2julalb
VV
MM
  ratio sFisher'
+
−
= , 
where ‘Malb’ and ‘Mjul’ denote the seasonal means for the compound in Albion and 
Juliette; ‘Valb’ and ‘Vjul’ are the corresponding seasonal variances, respectively. 
Compounds were then ranked in decreasing order of Fisher’s ratios and the 
GC×GC/ToFMS data of mainly the top 20 compounds were used for principal 
component analysis (PCA) and linear discriminant analysis (LDA). 
 
3.2.5 Statistical analysis 
Minitab (v. 14) was used to determine Pearson’s correlation coefficients and 
the associated probabilities for correlations between quality parameters of a variety 
(either Albion or Juliette) and overall peak area data point means of volatile 
components detected as common components over at least 50% of the 2010/11 
sampling dates for that variety. 
 
The 95% confidence intervals for quality parameter values were calculated 
using the ‘CONFIDENCE’ statistical function found in Microsoft Excel (Microsoft 
Office 2003). The syntax for this function was CONFIDENCE (alpha, standard 
deviation of data range, sample size), whereby the value of alpha was set at 0.05. 
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 Principal component analysis (PCA) was performed using a “Multivariate 
analysis” add-in (v. 1.3) for Microsoft Excel (139). 
 
Linear discriminant analysis (LDA) was carried out using SCAN (Software for 
Chemometric Analysis; release 1 for Windows; Minitab Inc., State College, PA). The 
variables (volatile compounds) used for the LDA were selected based on their 
Fisher‘s ratios as well as their PCA loadings (to be discussed later in this chapter). 
The training set comprised of the data point means of the 17 Albion samples and 19 
Juliette samples from 2010/11 (each plot replicate was considered as an individual 
case) and cases belonging to Albion were classified as category 1 while those of 
Juliette were classified as category 2. On the other hand, the test set comprised of all 
GC×GC/ToFMS replicates of all samples collected for the three harvest seasons (3 
reps × 60 samples = 180 cases which consisted of 111 cases for Albion and 69 
cases for Juliette). 
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3.3 Results and discussion 
3.3.1 Identification of volatile compounds by GC×GC/ToFMS 
The volatile profiles of Albion and Juliette are shown in Figure 3.2 and Figure 
3.3, respectively, and represent GC×GC separations achieved. In general, only 
peaks with library match similarities of at least 800 out of 1000, and retention index 
match within the range of ±10 were considered. A library hit list was generated by the 
ChromaTOF software for each peak in the peak table. Three methods were 
employed for tentative or positive identification of compounds. A top match was 
confirmed or rejected by comparing the peak true spectrum to the library spectrum 
(identification method denoted as MS); its 1D I value (1I) to literature values (47, 49, 
106, 121, 125, 126) (identification method denoted as RI); and its 1tR and 2tR data to 
that of the strawberry standards in Table 2.4 (identification method denoted as S) 
where applicable. A peak was considered to be positively identified if at least two 
methods of identification were in agreement, and tentatively identified if only one 
method could be used. Under a specified set of chromatographic conditions, the 
position of a compound in the 2D separation space can be reproduced in replicate 
chromatograms (49). For example, it can be visually observed that peak numbers 25 
(mesifuran), 26 (linalool), 36 (γ-decalactone), 40 ((E)-nerolidol) and 42 (γ-
dodecalactone) in Figure 2.5 (Chapter 2) are evidently present in both Figures 3.2 
and 3.3 at essentially identical positions. This allowed for greater confidence in a 
compound’s identity, which is best confirmed when a component also matched the 
properties namely, retention positions, MS data and 1I values, with an authentic 
standard, of which a number were available here. 
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Figure 3. 2 GC×GC/ToFMS profile showing the volatile composition of the Albion 
strawberry variety 
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Figure 3. 3 GC×GC/ToFMS profile showing the volatile composition of the Juliette 
strawberry variety 
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In this work, only the 1I value was calculated, for the retention index on the first 
column phase. The 2D position should also be a result of specific interactions 
between the compound properties and the phase, which can be reduced to the 
retention index parameter, as for 1I. Although the 2I value can also be calculated 
(140, 141), this is not a trivial process, and still requires further validation. Therefore, 
2I values were not calculated here.  
 
3.3.2 Chemical composition of Albion and Juliette 
Since a comparable number of Albion and Juliette samples were collected in 
2010/11, data mainly from this season were used for the comparative study of the 
two varieties. The volatile compounds identified in Albion and Juliette along with the 
methods of identification (MS, RI and/or S) applied are presented in Table 3.1. 
Among all the compounds identified in each variety, only those found to be present 
over at least 80% of the sampling dates of the 2010/11 harvest season were included 
in the table, to provide a more representative chemical composition of that variety. 
This criterion was selected based on the assumption that volatile components 
identified consistently over a harvest season would possibly provide information 
about the flavour characteristics of a particular strawberry variety. Furthermore, for 
statistical comparison, it was decided that infrequently identified components would 
be of little value when trying to draw conclusions on variety comparisons. 
Nonetheless, a list of compounds that were found to be present over at least 50% but 
less than 80% of the sampling dates of the 2010/11 harvest season have been 
presented in Appendix 3.1.  
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The library match similarities for most identifications were better than 900 (out 
of 1000). Although α-cuprenene and γ-terpinene did not satisfy the library match 
criterion of 800, the two compounds were still included in Table 3.1 since they were 
present at almost identical positions in the 2D plots of all chromatograms they were 
detected in; they were detected over at least 80% of the 2010/11 sampling dates; 
and also had good retention index matching with literature values (absolute 
differences were less than 9). The ∆ (1I - 1Ilit) values for all identified compounds were 
mostly within the range of ±10, in accordance with the retention index matching 
criterion. Two exceptions were furaneol and hexanoic acid having an ∆ (1I - 1Ilit) value 
of 39 and 46, respectively. Nonetheless, it was still possible to positively identify 
these two compounds since standards were available for both and the library match 
similarities were greater than 900.  
 
As mentioned in Section 3.2.3, the absolute peak areas of the compounds 
identified were normalised using the total peak area of all compounds positively or 
tentatively identified by GC×GC/ToFMS for that data file. Ideally, the addition of an 
internal standard to the sample would have been more appropriate when determining 
the relative abundances of analytes in a real sample with respect to this standard. 
This was investigated as part of the preliminary experimental work performed, by 
adding tridecane as an internal standard and homogenising it with the strawberry 
purée prior to the extraction of volatiles (results not shown). However, it was difficult 
to obtain reproducible internal standard peaks with the SPME sampling procedure 
used and thus, this approach was not adopted for the current work. 
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The volatile composition differs both qualitatively (different compounds) and 
quantitatively (same compounds; different proportions) between Albion and Juliette. 
Eighty seven compounds were either tentatively or positively identified in Albion, 
accounting for 99.6% of the total area of all compounds identified for that variety for 
the 2010/11 season. Sixty four compounds were identified in Juliette, which 
accounted for 99.0% of the total area. Therefore, it seemed reasonable to have only 
included compounds that were found to be present over at least 80% of the sampling 
dates in Table 3.1. The area percentage values quoted do not reflect the true 
concentrations of the volatile compounds in the sample but they are rather just 
indicative of the amount detected under the particular HS-SPME and GC×GC/ToFMS 
conditions employed and quantified by the data processing method selected. Fifty-
seven compounds were common to both genotypes. Of the 94 volatile compounds 
identified between the two varieties, 20 compounds of which 13 were positively 
identified and 7 were tentatively identified (refer to Table 3.1 for an indication of these 
compounds) have apparently not been previously detected in strawberries (7, 27, 41, 
47, 106, 124).  
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Table 3. 1 Compounds identified in Albion and Juliette by GC×GC/TOFMS 
 
# 
1tR 
(s) 
2tR 
(s) Compound* CAS Match U 
1I 1Ilit Area%
#
 
Albion         Juliette 
ID 
Method 
 
  Esters         
1 420 1.89 Methyl butanoate 623-42-7 965 74 739 729i 12.82 ± 3.27 2.20 ± 0.83 MS, RI, S 
2 510 1.91 Methyl 3-methylbutanoate 556-24-1 924 74 781 778ii 0.29 ± 0.13 1.69 ± 0.66 MS, RI 
3 558 1.91 Ethyl butanoate 105-54-4 977 71 803 804i  5.03 ± 1.68 1.18 ± 0.63 MS, RI, S 
4 570 2.06 Propyl acetate  190-60-4 847 61 809  0.13 ± 0.04 0.01 ± 0.01 MS 
5 582 2.08 Butyl acetate 123-86-4 940 56 814 811i 0.88 ± 0.32  < 0.01 MS, RI, S 
6 600 2.11 Methyl pentanoate 624-24-8 951 74 823 828i 0.02 ± 0.01 nd MS, RI 
7 642 1.81 Isopropyl butanoate 638-11-9 959 71 842 845i 3.38 ± 1.69 0.98 ± 0.52 MS, RI 
8 666 1.95 Ethyl 3-methylbutanoate 108-64-5 954 88 853 855iii 0.13 ± 0.06 0.60 ± 0.23 MS, RI 
9 714 2.12 3-Methylbutyl acetate 123-92-2 926 70 875 878ii 0.47 ± 0.17 2.72 ± 1.20 MS, RI 
10 750 2.17 Methyl 4-methylpentanoate 2412-80-8 840 74 892  0.06 ± 0.02 0.02 ± 0.02 MS 
11 756 1.80 Isopropyl 3-methylbutanoate† 32665-23-9 927 60 895  0.02 ± 0.02 0.19 ± 0.17 MS 
12 822 2.37 Methyl hexanoate 106-70-7 944 74 923 932iv 8.82 ± 2.19 5.76 ± 2.15 MS, RI, S 
13 852 1.89 1-Methylpropyl butanoate† 819-97-6 930 71 936  0.02 ± 0.01 0.02 ± 0.01 MS 
14 900 1.97 2-Methylpropyl butanoate 539-90-2 911 71 957 961iv 0.04 ± 0.01 < 0.01 MS, RI 
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# 
1tR 
(s) 
2tR 
(s) Compound* CAS Match U 
1I 1Ilit Area%
#
 
Albion         Juliette 
ID 
Method 
15 990 2.17 Butyl butanoate 109-21-7 930 71 995 995i 4.69 ± 1.23 0.06 ± 0.05 MS, RI 
16 1002 2.20 Ethyl hexanoate 123-66-0 948 88 1000 998i 1.63 ± 0.62 0.90 ± 0.63 MS, RI, S 
17 1014 2.76 (Z)-Hex-3-enyl acetate 3681-71-8 961 67 1006 1012iii 0.93 ± 0.31 2.80 ± 0.58 MS, RI 
18 1032 2.36 Hexyl acetate 142-92-7 936 56 1013 1019iii 2.12 ± 0.35 3.33 ± 0.57 MS, RI, S 
19 1038 2.86 (E)-Hex-2-enyl acetate 2497-18-9 959 67 1016 1012ii 2.77 ± 0.88 5.90 ± 0.80 MS, RI 
20 1056 1.98 1-Methylbutyl butanoate 60415-61-4 953 71 1023  0.20 ± 0.09 nd MS 
21 1086 2.06 Isopropyl hexanoate 2311-46-8 862 60 1036 1033ii 0.24 ± 0.10 0.09 ± 0.05 MS, RI 
22 1110 2.09 Butyl 3-methylbutanoate 109-19-3 849 85 1046  0.12 ± 0.04 0.01 ± 0.01 MS 
23 1134 2.14 3-Methylbutyl butanoate 106-27-4 949 71 1057 1058i 0.57 ± 0.27 0.31 ± 0.16 MS, RI 
24 1164 1.92 1,3-Dimethylbutyl butanoate† 5332-88-7 920 71 1069  0.09 ± 0.06 < 0.01 MS 
25 1248 2.26 Hexyl propanoate† 2445-76-3 930 57 1106  0.02 ± 0.01 0.09 ± 0.04 MS 
26 1290 2.45 Methyl octanoate 111-11-5 933 74 1124 1127i 0.13 ± 0.03 0.09 ± 0.03 MS, RI 
27 1428 2.45 (Z)-Hex-3-enyl butanoate 16491-36-4 982 67 1185 1186i 0.10 ± 0.02 0.06 ± 0.01 MS, RI 
28 1440 2.21 Butyl hexanoate 626-82-4 897 99 1190 1188i 0.13 ± 0.04 < 0.01 MS, RI 
29 1440 2.19 Hexyl butanoate 2639-63-6 950 71 1190 1193i 0.59 ± 0.20 0.20 ± 0.06 MS, RI 
30 1446 2.50 (E)-Hex-2-enyl butanoate 53398-83-7 971 71 1193 1194i 1.19 ± 0.38 0.52 ± 0.11 MS, RI 
31 1482 2.08 1-Methylhexyl butanoate 39026-94-3 938 71 1209  0.10 ± 0.05 nd MS 
32 1482 2.42 Octyl acetate 112-14-1 929 56 1209 1216iv 0.16 ± 0.03 0.01 ± 0.01 MS, RI 
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# 
1tR 
(s) 
2tR 
(s) Compound* CAS Match U 
1I 1Ilit Area%
#
 
Albion         Juliette 
ID 
Method 
33 1548 2.09 Hexyl 3-methylbutanoate† 10032-13-0 955 85 1239 1244i 0.01 ± 0.01 0.03 ± 0.01 MS, RI 
34 1554 2.37 (E)-Hex-2-enyl 3-methylbutanoate† 68698-59-9 944 85 1242 1247i 0.02 ± 0.01 0.15 ± 0.03 MS, RI 
35 1572 2.19 3-Methylbutyl hexanoate 2198-61-0 942 70 1250 1245ii 0.03 ± 0.01 0.05 ± 0.04 MS, RI 
36 1848 2.46 (E)-Hex-2-enyl hexanoate 53398-86-0 868 99 1385  0.04 ± 0.02 0.07 ± 0.03 MS 
37 1854 2.25 Octyl butanoate 110-39-4 903 89 1388 1383ii 0.68 ± 0.35 0.01 ± 0.01 MS, RI 
38 1938 2.17 Octyl 2-methylbutanoate 29811-50-5 805 57 1432  0.01 ± 0.01 < 0.01 MS 
39 1950 2.20 Octyl 3-methylbutanoate 7786-58-5 895 103 1438 1434ii 0.12 ± 0.03 0.04 ± 0.04 MS, RI 
40 2214 2.32 Octyl hexanoate 4887-30-3 911 117 1583 1580ii 0.07 ± 0.05 nd MS, RI 
41 2226 2.28 Decyl butanoate 5454-09-1 912 89 1590 1584ii 0.04 ± 0.02 nd MS, RI 
   Total area % of esters      48.88 29.92  
   No. of esters      39 23  
            
   Terpenoids         
42 984 1.86 Myrcene 123-35-3 957 93 992 998iii 0.19 ± 0.05 0.21 ± 0.05 MS, RI, S 
43 1026 1.82 α-Phellandrene† 99-83-2 878 93 1010 1020iii 0.03 ± 0.01 0.02 ± 0.02 MS, RI 
44 1050 1.83 α-Terpinene† 99-86-5 836 93 1021 1025iv 0.03 ± 0.01 0.02 ± 0.01 MS, RI 
45 1068 2.25 o-Cymene† 527-84-4 960 119 1029 1034iv  0.08 ± 0.02 0.09 ± 0.02 MS, RI 
46 1080 1.90 Limonene 138-86-3 923 68 1034 1037iv  0.14 ± 0.04 0.15 ± 0.04 MS, RI 
47 1086 1.92 β-Phellandrene 555-10-2 914 93 1036 1041iv  0.05 ± 0.01 0.06 ± 0.02 MS, RI 
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48 1092 2.03 (Z)-β-Ocimene† 3338-55-4 938 93 1039 1042iii 0.09 ± 0.02 0.09 ± 0.02 MS, RI 
49 1122 1.97 (E)-β-Ocimene 3779-61-1 934 93 1052 1053iii  0.10 ± 0.02 0.10 ± 0.03 MS, RI 
50 1146 1.98 γ-Terpinene 99-85-4 795 93 1062 1071iii  0.02 ± 0.00 0.01 ± 0.01 MS, RI 
51 1176 3.25 (E)-Linalool oxide (furanoid) 34995-77-2 822 59 1075 1077v 0.19 ± 0.10 0.12 ± 0.06 MS, RI 
52 1212 2.06 Terpinolene† 586-62-9 932 93 1090 1093iv  0.03 ± 0.01 0.03 ± 0.01 MS, RI 
53 1212 3.36 (Z)-Linalool oxide (furanoid) 5989-33-3 910 59 1091 1090iv  0.62 ± 0.30 0.67 ± 0.27 MS, RI 
54 1242 4.19 Linalool 78-70-6 939 71 1104 1105iv 4.85 ± 1.20 5.80 ± 1.20 MS, RI, S 
55 1464 4.40 α-Terpineol 98-55-5 885 59 1201 1212v  0.11 ± 0.02 0.15 ± 0.02 MS, RI 
56 1464 3.70 Myrtenal 564-94-3 967 79 1201 1196i 0.11 ± 0.03 0.21 ± 0.04 MS, RI 
57 1470 5.87 Myrtenol 515-00-4 911 79 1205 1196i 0.08 ± 0.03 nd MS, RI 
58 1980 2.22 (E)-β-Farnesene 18794-84-8 902 69 1453 1467iv 0.37 ± 0.10 0.86 ± 0.18 MS, RI 
59 2034 2.22 γ-Curcumene† 28976-68-3 878 119 1482 1493iv  0.01 ± 0.01 0.03 ± 0.01 MS, RI 
60 2052 2.30 (Z,E)-α-Farnesene† 26560-14-5 945 93 1491  0.06 ± 0.02 0.13 ± 0.04 MS 
61 2064 2.29 α-Zingiberene† 495-60-3 905 119 1497 1505iv  0.01 ± 0.01 0.03 ± 0.01 MS, RI 
62 2076 2.37 (E,E)-α-Farnesene 502-61-4 925 93 1504 1506i 0.15 ± 0.05 0.34 ± 0.09 MS, RI 
63 2088 2.24 β-Bisabolene† 495-61-4 895 69 1511 1511iv  0.07 ± 0.02 0.14 ± 0.03 MS, RI 
64 2088 2.24 α-Cuprenene† 29621-78-1 780 119 1511 1512iv  0.02 ± 0.01 0.04 ± 0.01 MS, RI 
65 2118 2.33 β-Sesquiphellandrene† 20307-83-9 906 69 1528 1536iv  0.01 ± 0.01 0.04 ± 0.01 MS, RI 
66 2148 2.33 (S,Z)-α-Bisabolene† 70332-15-9 882 93 1545  0.03 ± 0.01 0.07 ± 0.02 MS 
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67 2184 3.61 (E)-Nerolidol 40716-66-3 913 69 1567 1570v 6.33 ± 1.58 14.58 ± 3.64 
MS, RI, 
S 
   Total area % of terpenoids      13.74 23.94  
   No. of terpenoids      23 22  
   
 
        
   Aldehydes         
68 558 2.21 Hexanal 66-25-1 962 56 803 808iii  2.76 ± 0.70 5.62 ± 1.12 MS, RI, S 
69 558 2.68 (Z)-Hex-3-enal 6789-80-6 884 69 803  0.20 ± 0.09 0.59 ± 0.19 MS, S 
70 648 2.99 Hex-2-enal 505-57-7 887 55 845  0.08 ± 0.03 0.19 ± 0.05 MS 
71 666 3.16 (E)-Hex-2-enal 6728-26-3 964 55 854 864iii 7.89 ± 2.20  20.47 ± 4.24 MS, RI, S 
72 798 5.28 (E,E)-Hexa-2,4-dienal 142-83-6 958 81 914 910i 0.10 ± 0.06 0.27 ± 0.11 MS, RI 
73 900 3.25 (Z)-Hept-2-enal† 57266-86-1 926 55 957  0.03 ± 0.01 0.03 ± 0.02 MS 
74 1014 2.56 Octanal 124-13-0 926 57 1006 1014v 0.02 ± 0.01 0.04 ± 0.02 MS, RI 
75 1140 3.25 (E)-Oct-2-enal 2548-87-0 919 55 1060  0.06 ± 0.02 0.07 ± 0.02 MS 
76 1248 2.60 Nonanal 124-19-6 939 57 1106 1117v 0.16 ± 0.03 0.52 ± 0.06 MS, RI, S 
77 1374 3.21 (E)-Non-2-enal 18829-56-6 957 55 1161 1176v 0.02 ± 0.01 0.01 ± 0.01 MS, RI, S 
78 1476 2.59 Decanal 112-31-2 958 57 1206 1220v 0.02 ± 0.00 0.03 ± 0.01 MS, RI 
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   Total area % of aldehydes      11.34 27.80  
   No. of aldehydes      11 9  
   
 
        
   Alcohols         
79 702 0.89 (E)-Hex-2-en-1-ol 928-95-0 926 57 869 872v 0.46 ± 0.24 2.58 ± 0.76 MS, RI 
80 702 5.31 Hexan-1-ol 111-27-3 975 56 871 880iii 0.37 ± 0.18 1.92 ± 0.47 MS, RI 
81 774 3.99 Heptan-2-ol 543-49-7 950 45 904 904ii 0.11 ± 0.03 nd MS, RI 
   Total area % of alcohols      0.94 4.50  
   No. of alcohols      3 2  
   
 
        
   Ketones         
82 456 1.93 4-Methylpentan-2-one 108-10-1 936 58 756  0.15 ± 0.04 nd MS 
83 744 2.48 Heptan-2-one 110-43-0 924 58 889 892i 0.30 ± 0.05 < 0.01 MS, RI, S 
84 948 2.84 Oct-1-en-3-one 4312-99-6 912 55 978 978vi 0.02 ± 0.01 0.02 ± 0.02 MS, RI, S 
   Total area % of ketones      0.47 0.00  
   No. of ketones      3 0  
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   Furans         
85 984 2.19 2-Pentyl furan 3777-69-3 914 81 993 997iv 0.06 ± 0.02 0.13 ± 0.03 MS, RI 
86 1140 5.70 Mesifuran 4077-47-8 932 142 1061 1057vi 0.31 ± 0.15 5.97 ± 3.81 MS, RI, S 
87 1230 4.91 Furaneol 3658-77-3 931 57 1099 1060vi nd 0.09 ± 0.07 MS, RI, S 
   Total area % of furans      0.37 6.19  
   No. of furans      2 3  
            
   Aromatic compounds         
88 924 0.82 Benzaldehyde 100-52-7 960 77 966 981iv  0.05 ± 0.03 0.24 ± 0.10 MS, RI, S 
89 1386 5.60 Benzyl acetate 140-11-4 919 108 1168 1162i 0.52 ± 0.27 1.07 ± 0.39 MS, RI 
90 1452 5.52 Methyl salicylate 119-36-8 941 120 1196 1192i 0.01 ± 0.01 0.09 ± 0.03 MS, RI 
91 1770 4.39 Benzyl butyrate† 103-37-7 931 91 1347 1347i 0.06 ± 0.02 0.01 ± 0.01 MS, RI 
   
Total area % of aromatic 
compounds      0.63 1.40  
   No. of aromatic compounds      3 3  
            
   Lactones         
92 2022 5.80 γ-Decalactone 706-14-9 953 85 1477 1467i  19.68 ± 6.28 0.26 ± 0.08 MS, RI, S 
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93 2394 5.31 γ-Dodecalactone 2305-05-7 907 85 1688 1678i  2.97 ± 0.65 5.02 ± 1.57 MS, RI, S 
   Total area % of lactones      22.65 5.28  
   No. of lactones      2 2  
            
   Acid         
94 1038 0.38 Hexanoic acid 142-62-1 924 60 1015 969ii 0.61 ± 0.39 0.05 ± 0.05 MS, RI, S 
   Total area % of acids      0.61 0.00  
   No. of acids      1 0  
            
   Total area % of volatiles identified      99.63 99.03  
   Total No. of Compounds      87 64  
 
* Compounds in italics have been tentatively identified.  
#
 Values represent the normalised mean peak area percentages (seasonal means) ± 95% confidence intervals for compounds detected over at least 80% of the 
sampling dates of the 2010/11 harvest season for the variety. Data are the average of ten sampling dates and two plot replicates. The area percentage values for 
compounds detected over less than 80% of the sampling dates for the variety have been underlined and were not included in the total area percentage values. 
†: denotes a compound that has not been previously detected in strawberries  
nd: not detected for the variety 
1Ilit values were obtained from i) (121), ii) (106), iii) (125), iv) (126), v) (49) and vi) (47). 
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The five most abundant compounds found in the extracts of Albion (along with 
their relative abundances based on the SPME volatile extraction method, and total peak 
area response of all compounds identified for that variety) were determined to be γ-
decalactone (19.7%), methyl butanoate (12.8%), methyl hexanoate (8.8%), (E)-hex-2-
enal (7.9%) and (E)-nerolidol (6.3%), accounting for 55.5% of the volatile composition of 
Albion (as seen in Table 3.1). Likewise, in the case of Juliette, the five major volatile 
constituents were (E)-hex-2-enal (20.5%), (E)-nerolidol (14.6%), mesifuran (6.0%), (E)-
hex-2-enyl acetate (5.9%) and linalool (5.8%), accounting for 52.7% of the volatile 
composition of Juliette. (E)-Hex-2-enal and (E)-nerolidol were thus found to be major 
volatile components in the extracts of both varieties. Methyl butanoate, methyl 
hexanoate, (E)-hex-2-enyl acetate, (E)-hex-2-enal and mesifuran have also been 
identified to be some of the most abundant volatile constituents of fresh ripe strawberries 
of varieties Senga Sengana, Senga Litessa and Senga Gourmella (33). In another study, 
conducted by Douillard and Guichard (31), linalool was reported as a major volatile 
component of Senga Sengana while γ-decalactone was present in a large concentration 
in Vicomtesse Hericart de Thury (30% of the total volatile area abundance). 
 
Esters largely dominated the chemical composition of Albion, accounting for 
48.9% of the total area quantified, followed by lactones (22.7%) and terpenoids (13.7%). 
On the contrary, for Juliette, even though esters represented the major chemical class of 
volatile compounds, their dominance was not as marked. Esters (29.9%), aldehydes 
(27.8%) and terpenoids (23.9%) were found to have relatively similar weightages on the 
chemical composition of Juliette. As mentioned in Chapter 1 (Section 1.3), esters are 
known to be qualitatively as well as quantitatively, the most abundant chemical class of 
strawberry volatiles. Nevertheless, it has also been mentioned in literature that the 
composition of esters can vary from 25% to 90% of the total volatile content as a result of 
varietal differences.  
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Linalool and (E)-nerolidol were found to be the two major terpenoid constituents in 
the extracts of both varieties studied, accounting for 81.4% of the terpenoid content in 
Albion and 85.1% in Juliette. This was in agreement with the work performed by Aharoni 
et al. (142), who reported that linalool and (E)-nerolidol dominated the terpenoid profile of 
cultivated F. × ananassa, whereas terpenoids such as α-pinene, β-myrcene, α-terpineol, 
β-phellandrene and myrtenal acetate were typically produced by wild strawberry species. 
 
Both mesifuran and furaneol were detected in the present study although furaneol 
was not detected in the extracts of the Albion variety. Douillard and Guichard (99) have 
also reported detecting both furans in some varieties, but not in all. Out of 14 strawberry 
varieties tested, mesifuran was not detected in two varieties (Elvira and Gambridge) 
while furaneol was not detected in one (Cardinal). Similarly, in a study performed by 
Larsen et al. (42), among six varieties studied, mesifuran was not detected in Elvira and 
Pandora. Hence, it is possible that some varieties contain both mesifuran and furaneol 
while some may just contain one of the furans. 
 
Apart from cultivar differences, Jetti et al. (41) reported that quantification of 
furaneol cannot be reliably performed by using the SPME technique. Furaneol is not as 
stable as mesifuran (60), and its water-soluble nature and thermal instability are 
examples of factors that could possibly account for the failure in detection of this furan 
(7). Nevertheless, since a relatively high criterion of 80% (i.e. detected over most of the 
harvest dates) was set for a compound to be considered part of the chemical 
composition of the strawberry variety analysed, it seems reasonable to assume that 
between the two varieties, furaneol was present only in the extracts of Juliette. Moreover, 
HS-SPME is still favoured as the best compromise to analyse most other volatile 
compounds (106). 
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Anecdotally, fruits of Juliette are perceived to have a sweeter flavour than 
those of Albion (143). One possible explanation for this perception in terms of volatile 
composition is that in the current study, furaneol was detected only in the extracts of 
Juliette. Another possible explanation is that Juliette had a considerably larger 
content of mesifuran than Albion. As mentioned earlier in Chapter 1 (Section 1.3), 
furaneol and mesifuran are regarded to be two key flavour-active constituents of 
strawberry aroma. Odour descriptions such as sweet, caramel and candy-floss are 
commonly used to describe the aroma of these compounds (21, 22, 25, 75). 
Furthermore, it has been demonstrated by Stevenson et al. (144) that when a 
caramel-like odorant was used as a flavouring compound, it was able to significantly 
enhance the sweetness of a sucrose solution when tasted, and on the other hand, 
reduce the sourness of a citric acid solution. 
 
3.3.3 Quality characteristics of strawberry varieties 
Table 3.2 shows the quality characteristics of Albion and Juliette cultivars. 
Total soluble solids (TSS), titratable acidity (TA) and sugar:acid ratio (TSS/TA) are 
some important bulk parameters widely used to evaluate fruit quality (145). In the fruit 
industry, the measure of TSS in °Brix is assumed to be indicative of the sugar 
content in a sample. For strawberries, the soluble solids are primarily composed of 
the sugars glucose, fructose and sucrose (75), and several authors have 
demonstrated a high correlation between the sum of these three sugars and TSS (80, 
146). In this study, Albion and Juliette were found to have comparable sugar 
compositions, as indicated by their seasonal average TSS values. 
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Table 3. 2 Quality characteristics of Albion and Juliette 
Variety pH TA 
(g citric acid/100 mL) 
TSS 
(°Brix) 
TSS/TA 
Albion 3.73 ± 0.06 0.99 ± 0.06 10.8 ± 1.0 10.9 ± 1.1 
Juliette 3.85 ± 0.06 0.84 ± 0.07 10.6 ± 1.3 12.6 ± 1.2 
 
Values represent the mean ± 95% confidence interval for the 2010/11 harvest season. 
 
Since citric acid is the major organic acid present in ripe strawberries (112), TA 
was expressed as a proxy measure of that acid. Albion was determined to have a slightly 
larger acid content than Juliette with their TA values differing by about 0.2 g citric 
acid/100 mL. 
 
Some consider a strawberry variety to have acceptable flavour when it contains a 
minimum of 7% TSS and/or a maximum TA of 0.8% (147). In relation to this view, Albion 
and Juliette both satisfied the criterion for TSS but exceeded the maximum TA level. In a 
different study, which reported on the correlation of TSS/TA with organoleptic evaluation 
for strawberries, Woźniak et al. (148) demonstrated that varieties having TSS/TA of at 
least 7.00 were perceived to have a sweet and acidic flavour while those with values 
considerably lower than 7.00 were perceived to taste acidic. Furthermore, Kovačević et 
al. (101) have found the perception of sweetness, when consuming strawberries, to be 
positively correlated with TSS/TA. In the present study, both Albion and Juliette had 
evidently large TSS/TA values (much greater than 7.00), supporting the view of the 
Victorian strawberry industry that fruits of these varieties have outstanding flavour. In 
addition, Juliette had a higher TSS/TA than Albion, arising from its lower acid content, 
and this finding seems to support the anecdotal evidence that fruits of Juliette are of a 
sweeter flavour than those of Albion, as discussed in the previous section.  
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The pH and TSS/TA values determined for Albion in the current study were 
comparable but slightly higher than those determined by Gunness et al. (79). The 
differences in values could possibly be attributed to seasonal (year 2007 versus year 
2011) and geographical (Queensland versus Victoria) variations. These authors also 
reported a positive and significant correlation between percentage TSS/TA ratio and 
pH for fruits of Albion at the 3/4 red stage of maturity but not at full maturity (4/4 red). 
However, in the present work, although pH was also found to be positively correlated 
with TSS/TA (significant at p ≤ 0.01) for both Albion and Juliette, these correlations 
were for fruits at full maturity (4/4 red).  
 
3.3.4 Fisher’s ratios 
Fisher’s ratio is defined as the ratio of the variance between two classes to the 
variance within a class (149). It was a mathematical measure proposed by Fisher for 
evaluating the ability of a feature to discriminate between two classes (150). In 
general, the larger the Fisher’s ratio, the better is the discriminatory power of a 
feature, and as inferred from the formula provided in Section 3.2.4, the Fisher’s ratio 
value becomes large when the relative between-classes variance is maximised (i.e. a 
compound is found in higher levels in one variety than the other or a compound is 
detected in only one of the two varieties) and the within-class variance is minimised 
(i.e. the compound is detected over most of the sampling points). 
 
There were two main objectives for calculating Fisher’s ratios for the 
strawberry volatiles identified by GC×GC/ToFMS. The first objective was to deduce 
which volatile components had high Fisher’s ratios as they could probably best 
discriminate the two strawberry varieties, Albion and Juliette, and in addition, these 
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compounds could possibly also have high broad-sense heritabilities (to be discussed in 
detail in Chapter 5). The second objective was to deduce which volatile components 
exhibited low fisher ratios as it maybe likely that these compounds varied more with 
environment (to be discussed in detail in the next chapter). Consequently, Fisher’s ratios 
were calculated for volatile compounds detected over at least 50% of the 2010/11 
sampling dates in Albion and/or Juliette (refer to Table 3.1 and Appendix 3.1 for list of 
125 compounds). A less conservative criterion of 50%, instead of 80%, was applied so 
that information about compounds that were more variable with environment could be 
obtained. A complete list of these 125 compounds, along with their respective Fisher’s 
ratios can be found in Appendix 3.2. 
 
In regards to the current chapter, it was decided that instead of entering all 125 
volatile compounds as variables for Discriminant Analysis (DA), a reduced subset of 
variables would be selected based on their Fisher’s ratios, and by performing principal 
component analysis (PCA). This was because inclusion of redundant variables or 
variables with low discriminatory power in a DA model could affect its chemometric 
predictive ability by introduction of significant noise (149). Therefore, the focus was 
mainly on volatile compounds having high Fisher’s ratios (i.e. possibly high discriminating 
ability).  
 
Moreover, since the Fisher’s ratio measure is independent of scaling (138), it was 
considered that a fair comparison of the discriminatory power of the strawberry volatile 
components could be performed. The Fisher’s ratio values calculated ranged from 0.00 
to 15.33, and the compounds were then ranked in decreasing order of Fisher’s ratio. The 
20 volatile components with the highest Fisher’s ratios are presented in Table 3.3. These 
20 compounds were also detected over at least 80% of the harvest dates of 2010/11 in 
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the extracts of either one or both strawberry varieties, indicating that they were less 
variable with environment (low within-class variances thus high Fisher’s ratios).  
 
Table 3. 3 List of top 20 compounds ranked in decreasing order of Fisher’s ratios 
calculated 
Compound # Ranking Compounds Fisher’s ratio 
83 1 Heptan-2-one 15.33 
76 2 Nonanal 10.58 
32 3 Octyl acetate 8.38 
15 4 Butyl butanoate 5.45 
34 5 (E)-Hex-2-enyl 3-methylbutanoate 4.92 
81 6 Heptan-2-ol 4.89 
82 7 4-Methylpentan-2-one 4.03 
1 8 Methyl butanoate 3.80 
92 9 γ-Decalactone 3.67 
14 10 2-Methylpropyl butanoate 3.62 
4 11 Propyl acetate 3.61 
80 12 Hexan-1-ol 3.57 
28 13 Butyl hexanoate 3.56 
17 14 (Z)-Hex-3-enyl acetate 3.11 
90 15 Methyl salicylate 2.88 
57 16 Myrtenol 2.84 
5 17 Butyl acetate 2.78 
79 18 (E)-Hex-2-en-1-ol 2.71 
22 19 Butyl 3-methylbutanoate 2.71 
19 20 (E)-Hex-2-enyl acetate 2.68 
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3.3.5 Principal Component Analysis (PCA) 
PCA is an unsupervised data evaluation method, which does not require prior 
information about data classification. Therefore, as a first point of evaluation, PCA 
was performed using the normalised 2010/11 data point means of all 125 variables in 
Table 3.1 and Appendix 3.1 to determine if a boundary of separation existed 
between samples of the two varieties. The resultant scores and loadings plots of this 
PCA are shown in Figure 3.4. The scores plot proved that a clear distinction between 
the two strawberry varieties (i.e. Albion and Juliette) could be achieved by 
GC×GC/ToFMS. Strawberry samples of the Albion and Juliette varieties were visibly 
separated along the second principal component (PC2), which accounted for 23.68% 
of the total variance. The loadings of the variables for PC2 were then consulted to 
deduce which compounds exhibited a strong influence on that component. This 
revealed that γ-decalactone (compound number 92 in reference to Table 3.1), (E)-
hex-2-enal (compound 71), methyl butanoate (compound 1), (E)-nerolidol (compound 
67) and butyl butanoate (compound 15) were the five compounds with the largest 
PC2 loadings, among which only methyl butanoate and γ-decalactone ranked in the 
top 20 Fisher’s ratio compounds. This finding suggested that these two compounds 
may be the variables mainly responsible for the discrimination of the two strawberry 
varieties.  
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Figure 3. 4 (a) PCA scores plot of the 36 cases (Albion and Juliette samples from 
2010/11) entered for analysis; (b) PCA loadings plot of the 125 variables (volatile 
compounds present in the 2010/11 50% dataset) entered for analysis 
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As a next step of evaluation, the 20 volatile compounds with the highest 
Fisher’s ratios were subjected again to PCA to compare the results obtained with the 
previous analysis. The resultant scores and loadings plots of this PCA are illustrated 
in Figure 3.5. A distinction of the two strawberry varieties was achieved once again, 
with the difference being that in this PCA, Albion and Juliette were separated along 
the first principal component (PC1), which accounted for 79.23% of the total variance. 
The boundaries of the two varieties were better separated in this scores plot than the 
one in Figure 3.4a, indicating that it was possible to discriminate between the 
varieties by using just these 20 variables. In addition, the loadings plot in Figure 3.5b 
revealed that γ-decalactone (compound 92), methyl butanoate (compound 1), butyl 
butanoate (compound 15) and (E)-hex-2-enyl acetate (compound 19) were the four 
compounds with the largest PC1 loadings (listed in decreasing order) while (Z)-hex-3-
enyl acetate (compound 17), butyl acetate (compound 5), (E)-hex-2-en-1-ol 
(compound 79) and hexan-1-ol (compound 80) were the compounds exhibiting some 
considerable influence on PC1. The loadings of the remaining 12 compounds centred 
close to 0.0 (hardly any influence on PC1) and thus, it seemed redundant to include 
them in DA. Although heptan-2-one, nonanal and octyl acetate had the three largest 
Fisher’s ratios, upon performing PCA, these compounds were found to have very low 
discriminating abilities (loadings on PC1 were close to 0.0) when they were assessed 
as part of an entire data set. Hence, it does not always necessarily mean that a 
compound with a large Fisher’s ratio would be a good discriminatory compound. 
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Figure 3. 5 (a) PCA scores plot of the 36 cases (Albion and Juliette samples of 
2010/11) entered for analysis; (b) PCA loadings plot of the 20 variables (the 20 
volatile compounds with the highest Fisher’s ratios) entered for analysis 
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3.3.6 Linear Discriminant Analysis (LDA) 
In LDA, which is a supervised pattern recognition technique, the data is 
classified into groups (i.e. strawberry varieties) defined by the user prior to analysis. 
This type of statistical analysis was possible since both strawberry varieties were 
sampled over an entire harvest season (almost equal group sizes in test set); there 
were plot replicates allowing for a considerable number of cases, and there were 
data from other seasons allowing for cross-validation of the discriminant function. 
 
An exploratory LDA was first performed using the top 20 Fisher’s ratio 
compounds. As seen in Figure 3.6a, all cases in the training set were correctly 
classified and cross validated, and furthermore, all cases in the test set were also 
found to be correctly predicted by this LDA model. Figure 3.6b illustrates the 
differences between the Albion and Juliette class centroids for the 20 volatile 
compounds used in the LDA. It was observed that γ-decalactone (compound number 
92 in reference to Table 3.1) and methyl butanoate (compound 1) were exhibiting the 
largest differences between the two class centroids, and that Albion had larger class 
centroid values for both of these compounds than Juliette (i.e. the two compounds 
were detected at higher levels in Albion). As mentioned in the previous section, γ-
decalactone and methyl butanote were also found to have the most influence on the 
PC1 loadings presented in Figure 3.5b. Hence, it seemed valid to investigate 
whether it was possible to use just these two compounds to discriminate between 
Albion and Juliette.  
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Figure 3. 6 (a) Class assignment plot; (b) class centroid plot of LDA model involving 
the 20 compounds with the highest Fisher’s ratios 
 
 
Albion versus Juliette 
 
 
 89 
PCA was performed once again, using the data of just γ-decalactone and 
methyl butanoate, and the PCA scores plot obtained is presented in Figure 3.7. It 
can be observed that this scores plot looked almost identical to the plot in Figure 
3.5a, and that a distinction of the two strawberry varieties was again achieved, with 
Albion and Juliette separated along the first principal component (PC1), which 
accounted for 86.56% of the total variance. This finding thus supported the 
hypothesis that γ-decalactone and methyl butanoate could be the main discriminatory 
compounds. For further confirmation, LDA was also carried out using these two 
variables, and it was found that all cases in the training and test sets were correctly 
classified, as seen in Table 3.4. Therefore, it was concluded that discrimination 
between Albion and Juliette samples could be achieved using just two variables, in 
particular, γ-decalactone and methyl butanoate.  
 
Figure 3. 7 PCA scores plot of the 36 cases (Albion and Juliette samples of 2010/11) 
entered for analysis, using γ-decalactone and methyl butanoate as the variables 
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Table 3. 4 LDA classification results for the training and test sets using γ-decalactone 
and methyl butanoate as predictor variables 
Classification Results: Training Set* 
 Predicted Group Membership 
Actual Group Number of Cases Albion Juliette 
17 0 
Albion 17 
100.0% 0.0% 
0 19 
Juliette 19 
0.0% 100.0% 
Classification Results: Test Set# 
 Predicted Group Membership 
Actual Group Number of Cases Albion Juliette 
111 0 
Albion 111 
100.0% 0.0% 
0 69 
Juliette 69 
0.0% 100.0% 
 
*100.0% of cases in training correctly classified. #100.0% of cases in test set correctly 
classified. 
 
Ulrich et al. (58) had reported that furaneol and mesifuran are not useful 
aroma compounds for discrimination of strawberry varieties. On the other hand, it 
was suggested that methyl anthranilate and esters of butanoic and hexanoic acids 
are good discriminatory compounds. The findings of the current study are in 
agreement with this view, where furaneol and mesifuran were concluded to be 
compounds with low discriminating ability based on their Fisher’s ratios (<1) while 
methyl butanoate was identified to discriminate between Albion and Juliette. Methyl 
anthranilate was not detected in both Albion and Juliette and thus, it was not possible 
to comment about its discriminatory power. A possible reason for the failure to detect 
methyl anthranilate could be attributed to the fact that this compound is typically 
found in wild strawberry species (25). 
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3.4 Conclusion 
The methodology involving the use of GC×GC/ToFMS following the extraction 
of volatiles by HS-SPME was successfully applied for the study of two strawberry 
varieties popularly grown in Australia. Several of the compounds identified have 
apparently not been previously reported to be detected in strawberries. Volatile 
compositions varied both qualitatively and quantitatively between the two varieties. 
Having a higher TSS/TA ratio seems to imply that Juliette may have a slightly better 
flavour than Albion. Methyl butanoate and γ-decalactone were determined to have 
statistically significant discriminatory power to differentiate between Albion and 
Juliette samples. Although genotype variation could be attributed for the differences 
in chemical compositions and quality characteristics, variation in environmental 
conditions can also play a role. This will form the basis of the following chapter. 
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4 
Environmental effects on flavour 
development in Australian-grown 
strawberries 
 
4.1 Introduction 
The influence of variables such as diurnal temperature, soil temperature, 
percentage relative humidity, rainfall, photosynthetically active radiation (PAR), mulch 
colour, rain cover, and fertilization on aroma, flavour, nutritional quality or yield of 
strawberries have been previously reported (102, 104, 107, 108, 112, 113, 151-153). 
Based on these studies, relative humidity (RH), air temperature (Tair), soil 
temperature (Tsoil), soil moisture (SM), PAR and rainfall were selected as the 
environmental variables for evaluation in the present study, and for which data can 
be relatively readily obtained. A primary focus of the current research was to 
investigate the effects of the Australian climate, in particular, Victoria’s climate, on 
flavour development in strawberries grown in the open field since this is the most 
common method of cultivation in Australia (15), compared with production in 
glasshouses or by hydroponics.  
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 Jouquand and Chandler (106) investigated the effects of harvest dates and 
seasons on eating quality of several strawberry genotypes from the University of 
Florida breeding program as well as two Australian-bred varieties (Rubygem and 
Sugarbaby), by sensory evaluation and chemical analysis. However, these authors 
harvested strawberry samples only on two or three dates (one month apart) for each 
of the two seasons. Similarly, in another study, which examined the effects of cultivar 
and harvest date on flavour and other quality attributes of three Californian 
strawberry varieties, fruits were picked on only two dates (three months apart) in the 
same season (80). Watson et al. (112) also evaluated the influence of harvest date, 
in addition to shade treatments, on flavour development in strawberries of the Elsanta 
variety, by sampling on five dates, which were a few days apart. All these three 
research studies were performed overseas. Although the work presented herein had 
similar aims to these three studies, there was a significantly higher number of harvest 
dates (refer to Section 3.2.1), and moreover, the harvest dates were generally a 
week apart and over a span of three months, to coincide with the commercial 
harvesting period for the two varieties in Victoria. It was hoped that stronger 
conclusions may be drawn concerning the effects of the environment on the 
development of flavour compounds in these two varieties. 
 
Apart from the effect of the environment, variations in flavour development can 
also be attributed to the effect of genotype. Moreover, different genotypes may 
respond differently to the same range of environmental stimuli if there is significant 
genotype-by-environment interaction (G×E). In an attempt to study G×E interactions, 
Williams (114) performed a yield trial involving seven commercial varieties grown in 
eight different environments created at a single site, and reported that the way 
strawberry cultivars respond under a particular environment does not necessarily 
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indicate how they may respond under a different environment. Therefore, to gain a 
better understanding of flavour development in Australian-grown strawberries, this 
chapter would discuss the impact of the environment, genotype, and attempt to 
establish any G×E interactions on quality parameters and volatile components.  
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4.2 Experimental 
4.2.1 Tagged strawberry samples 
In addition to the random samples of Albion collected in the 2008/09 season 
(Section 3.2.1), flowers from this variety were randomly tagged at anthesis and the 
fully-ripe fruits were subsequently harvested during the period of December 2008 to 
March 2009. These samples were used for a concurrent study performed to 
determine the number of days taken for the tagged flowers of the Albion variety to 
develop into fruits of physiological maturity (i.e. 4/4 red). Tagged fruits were available 
for sampling on 12th Jan '09 (five fruits), 17th Feb '09 (three fruits), 10th Mar '09 (three 
fruits) and 24th Mar '09 (three fruits). 
 
For each of the above-mentioned four sampling dates, the tagged fruits were 
pooled together with the random fruits harvested, and used for the determination of 
pH, TA and TSS (Section 3.2.2), as well as for HS-SPME–GC×GC/ToFMS analyses 
(Sections 2.2.3 and 2.2.6), following protocols as described in previous sections. 
 
4.2.2 Weather Station 
An 8-channel EasiData Mark 4 weather station; a RH sensor (RH40; Channel 
1); a Tair sensor (TA10, Channel 2); a Tsoil sensor (TS40, Channel 3); a SM sensor 
(SM40, Channel 4) and a PAR sensor (PR10; Channel 5) were purchased from 
Environdata (Queensland, Australia). The weather station (Figure 4.1) was installed 
less than two metres from the bed where strawberries were sampled, and 
environmental data were downloaded every fortnight and accessed using the 
EasiAccess software (version 1.767; Environdata, Australia). Rainfall data were 
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obtained from the nearby Coldstream weather observation station, Victoria 
(Australian Bureau of Meterology). A complete set of data for all six environmental 
variables was only available for the 2008/09 and 2010/11 seasons, however, for the 
2009/10 season that was not available due to the malfunction of the Tsoil and S.M. 
sensors as a result of unforseen circumstances. 
 
Figure 4. 1 EasiData Mark 4 weather station 
 
 
4.2.2 Organisation of environmental data 
Using the data obtained from the weather station and Coldstream weather 
observation station, one- and two-week (preceding day of harvest) means of 
maximum, minimum and daily average values for RH, Tair, Tsoil, SM, PAR (daily 
average only) and rainfall (daily average only) were calculated in Microsoft Excel and 
organised into tables for easy reference (refer to Appendix 4.1 for 2010/11 data). 
However, preliminary statistical analyses indicated that it was best to use one-week 
means of daily average values for all further statistical analyses. 
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For the study on the number of days from anthesis to fruit maturity (Section 
4.3.1), mean values for the environmental parameters were calculated by averaging 
the daily average values for the same number of days it took for the tagged flowers to 
develop into fully-ripe fruits (i. e. not one-week means of daily average values).  
 
4.2.3 Statistical Analysis 
Statistical analyses were performed using Minitab (v. 14), unless specified 
otherwise. The environmental and GC×GC/ToFMS data (normalised mean peak area 
percentages of the compounds identified) obtained from the 2010/11 season were 
used in the statistical analysis, with the exception of the results presented in Section 
4.3.1 for which data from the 2008/09 season were used. The 95% confidence 
intervals for values reported were determined using 'Microsoft Excel (as described in 
Section 3.2.5). Two-sample t-test was performed when comparing variations in 
quality parameters and selected volatile compounds between harvest seasons. 
Pearson’s correlation coefficients and the associated probabilities were determined 
for identifying significant correlations between the six environmental variables; quality 
parameters and environmental variables; and volatile compounds and environmental 
variables. General linear model (GLM) was used for the analysis of variance when 
examining the effects of genotype, environment, and their interaction on quality 
parameters and volatile compounds. Multiple linear regression analysis was carried 
out to generate regression equations for quality parameters and volatiles significantly 
influenced by environment.   
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4.3 Results and discussion 
4.3.1 Environmental effects on the number of days from anthesis to fruit 
maturity 
A short study was conducted in the first season of sampling to investigate the 
influence of the environment on the number of days from anthesis to fruit maturity 
(will be referred to as days to fruit maturity). As seen in Table 4.1, it was found that in 
the case of Albion, it usually took approximately 30 days for a flower tagged at 
anthesis to develop into a fully-ripe fruit. This finding was in agreement with literature 
where it has been mentioned that in general, strawberries took about 30 days to 
develop into their full size and maturity, and that this period of time can vary with 
factors such as light, temperature and soil content (154). In addition, Montero et al. 
(155) recommended harvesting fruits of short-day Chandler variety after 28 to 35 
days from fruit set, and also reported that the period of 28 days in particular, was 
found to be optimum for obtaining strawberries with high fruit mass and sugar:acid 
ratio, along with good colour and texture, all of which are considered to be very 
favourable quality characteristics for consumption.  
 
As mentioned in Section 4.2.2., mean values for the environmental 
parameters were calculated by averaging the daily average values for the same 
number of days it took for the tagged flowers to develop into fully-ripe fruits. This was 
because no significant correlations were identified between one-week means of the 
environmental parameters and days to fruit maturity. Furthermore, it also seemed 
useful to know the average range of environmental stimuli experienced by the 
maturing fruit during the course of ripening.   
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Table 4. 1 Days to fruit maturity for fruits of Albion in 2008/09, along with 
corresponding quality parameters and environmental data 
 Tagged Samples 
 1 2 3 4 
Date Tagged 12/12/08 27/01/09 10/02/09 17/02/09 
Date Harvested 12/01/09 17/02/09 10/03/09 24/03/09 
Days to fruit maturity 31 21 28 35 
pH^ 3.65 ± 0.01 3.50 ± 0.01 3.59 ± 0.01 3.63 ± 0.03 
TA (g citric acid/100 mL)^ 1.24 ± 0.00 1.21 ± 0.01 1.12 ± 0.01 1.01 ± 0.01 
TSS (°Brix)^ 14.8 ± 0.0 10.0 ± 0.0 9.0 ± 0.0 9.6 ± 0.0 
TSS/TA^ 12.0 ± 0.0 8.3 ± 0.1 8.1 ± 0.1 9.5 ± 0.1 
RH (%)* 64 ± 3 54 ± 5 59 ± 3 62 ± 3 
Tair (°C)* 16.9 ± 1.1 22.7 ± 2.4 18.1 ± 1.1 18.5 ± 1.2 
Tsoil (°C)* 18.6 ± 0.5 23.6 ± 1.5 19.6 ± 0.6 19.1 ± 0.6 
SM (%)* 73.4 ± 1.5 69.8 ± 1.4 63.4 ± 1.3 53.2 ± 4.3 
PAR (µmol/m2 s)* 536 ± 49 525 ± 55 415 ± 44 385 ± 40 
Rainfall (mm)* 1.8 ± 1.9 0.1 ± 0.3 0.7 ± 0.9 2.2 ± 1.9 
Methyl butanoate (%)# 3.23 11.68 6.28 1.12 
Ethyl butanoate (%)# 2.30 0.00 0.00 0.18 
Ethyl hexanoate (%)# 1.48 0.02 0.03 0.11 
Linalool (%)# 4.56 7.58 13.21 5.27 
Mesifuran (%)# 0.16 0.04 0.05 0.54 
γ-Decalactone (%)# 39.93 20.70 19.70 59.88 
 
^Values represent the mean ± 95% confidence interval for the quality parameter as determined for the 
pooled sample (tagged and random fruits) for that harvest date. 
*Values represent the mean ± 95% confidence interval for the environmental parameter for the period 
between tagging and harvesting. 
#Values represent the normalised mean peak area percentages of the volatile compounds calculated 
for that harvest date. 
 
However, there was a marked deviation for sample 2, where fruits ripened 
much quicker (i.e. 21 days), and upon examination of the corresponding 
environmental conditions, it was observed that fruits harvested on that date 
developed during a period of the highest Tair and Tsoil, and the lowest amount of 
rainfall. It is probably worthwhile to mention here that in 2008, Victoria experienced 
one of its hottest and driest summers in history, which led to the “Black Saturday” 
bushfires on 7th Feb '08. Hence, temperature and the amount of rainfall were thought 
to be the two likely environmental parameters responsible for the deviation 
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encountered. Upon performing statistical analysis, it was found that days to fruit 
maturity was positively correlated with rainfall (at a significance level of p < 0.05) 
while the remaining environmental parameters, including Tair and Tsoil, did not have 
significant correlations with days to fruit maturity.  
 
Although temperature was not correlated with days to fruit maturity in the 
current study, other authors have mentioned about its possible influence. For 
example, the agricultural practice of early forcing is known to be used in glasshouse 
strawberry production to accelerate the fruit ripening process by increasing spring-
time temperature (102, 156). Furthermore, Dejwor and Radajewska (103) have found 
the fruit ripening time for fruits of varieties Elsanta, Honeoye and Kent to decrease 
with daily average air temperatures above 20 °C.  
 
In addition to a shorter number of days to fruit maturity, sample 2 was also 
found to have a considerably lower TSS/TA compared to that of sample 1, indicating 
possibly reduced flavour quality. It may be likely that due to the accelerated 
maturation process, there was not sufficient time for flavour compounds to develop to 
the same extent of a period without the heat stress and dry spell. With cooler 
temperatures and some amount of rainfall in the subsequent weeks, the plants may 
have been able to gradually recover from the climatic stress experienced, as evident 
from the improved TSS/TA for sample 4. However, days to fruit maturity was not 
found to have significant correlations with any of the quality parameters and thus, 
these hypothetical assumptions could not be confirmed. 
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As previously mentioned in Section 1.3, methyl butanoate, ethyl butanoate, 
ethyl hexanoate, linalool, mesifuran and γ-decalactone are considered to be key 
odour-active strawberry volatiles by several authors. Therefore, the effect of number 
of days to fruit maturity on the levels of these compounds were of particular interest 
since they may be indicative of flavour quality. Among the six important strawberry 
volatiles included in Table 4.1, only methyl butanoate was significantly correlated (p 
< 0.01) with days to fruit maturity, which had a negative effect on the compound. 
Nevertheless, from the values quoted in the table, it can be observed that the 
contents of ethyl butanoate, ethyl hexanoate, mesifuran, γ-decalactone were 
generally at their lowest level for sample 2 among the four harvest dates. In regards 
to linalool, the level of this compound seem to increase with decreasing number of 
days to fruit maturity. 
 
4.3.2 Variations in quality parameters and volatile composition between 
harvest dates 
Figures 4.2 to 4.5 illustrate the fluctuations in the various quality parameters 
between the harvest dates of the 2010/11 season for Albion and Juliette. This season 
was selected for comparison since both varieties were sampled on 10 occasions 
during the season, providing a reasonable number of data points for discussion. 
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Figure 4. 2 Variation in pH across the 2010/11 harvest dates for Albion and Juliette. 
Error bars represent 95% confidence intervals for the data point means. 
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In regards to pH (Figure 4.2), fruits of Juliette seemed to have consistently 
higher pH than Albion for most of the season. The trends in pH variation for the two 
varieties were almost identical across the season, except for the period between 3rd 
Dec '10 to 22nd Dec '10, where the pH of Albion was affected in an opposing manner 
to that of Juliette under the same environmental stimuli. This indicated the possible 
presence of genotype-by-environment interactions (G×E) for pH. In addition, the 
visibly large differences between the data point means of the two varieties for 5 out of 
10 sampling dates seem to suggest that the variation in pH was influenced 
predominantly by genotype.  
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Figure 4. 3 Variation in TA across the 2010/11 harvest dates for Albion and Juliette. 
Error bars represent 95% confidence intervals for the data point means. 
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In relation to TA (Figure 4.3), the values determined for the Albion variety 
were usually higher than for Juliette across the season. The TA of Albion appeared to 
be fluctuating, with no clear trend, between the harvest dates while the TA of Juliette 
was almost steadily increasing until 22nd Dec '10 followed by a gradual decrease. 
Once again, it was inferred that the variation in TA could also be attributed mainly to 
genotype since large differences between the data point means of the two varieties 
were observed for 8 out of 10 harvest dates. The intersection of the graphs between 
the 22nd Dec '10 and 29th Dec '10 samplings in Figure 4.3 signified the presence of 
G×E. Shaw (157) found the content of titratable acids to be relatively constant over 
harvest dates, and Chandler et. al (158) reported that when cultivars Flame, Kabarla, 
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Camarosa, Selva, Sweet Charlie and Joy were ranked based on their TA levels, their 
rankings did not vary across harvest dates. Both these studies also highlighted that 
genotype was the major contributor to the variation in TA over harvest dates. 
 
Figure 4. 4 Variation in TSS across the 2010/11 harvest dates for Albion and Juliette. 
Error bars represent 95% confidence intervals for the data point means. 
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In terms of TSS (Figure 4.4), fruits of Albion generally had a higher TSS 
content than Juliette between 3rd Nov '10 and 15th Dec '10, after which the value for 
Juliette exceeded that of Albion until the final harvest date. The trends in TSS 
variation appeared to be identical for the two varieties between 24th Nov '10 and 15th 
Dec '10, and 22nd Dec '10 and 6th Jan '11. The differences between the data point 
means of the two varieties were usually small, indicating that the variation due to 
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genotype was probably low while the variation due to the environment was high. The 
variance caused by G×E interactions appeared to be larger for TSS, compared to the 
other quality parameters, since the graphs intersected at four points in Figure 4.4. It 
has been reported in literature that the proportion of TSS that could be attributed to 
soluble sugars, and strawberry cultivar rankings based on TSS, can vary with harvest 
dates, and that the large interaction effect between genotype and harvest dates 
decreased genotypic consistency for TSS in strawberries (157, 158).  
 
Figure 4. 5 Variation in TSS/TA ratio across the 2010/11 harvest dates for Albion and 
Juliette. Error bars represent 95% confidence intervals for the data point means. 
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Similar to the observation for pH, fruits of Juliette constantly had a higher 
TSS/TA (Figure 4.5) for majority of the sampling dates. The trends of variation in 
TSS/TA were almost the same for Albion and Juliette, indicating both varieties were 
influenced by environmental fluctuations in a similar manner. Large differences in 
data point means were observed for 4 out of 10 harvest dates and thus, it may be 
likely that the variations due to genotype and the environment were comparable. On 
the whole, the almost erratic variations in pH, TA and TSS values for the Albion 
variety suggested that it was more responsive to fluctuations in the Victorian climate 
than Juliette, which seemed reasonable since Albion was bred for Californian 
conditions, while Juliette was bred to perform consistently in Victoria.  
 
There were also variations in volatile compositions of the two varieties 
between harvest dates. GC×GC contour plots offer an excellent visual representation 
of these variations (see Figure 4.6 for example) and thus, regions of interest in the 
2D plots can be identified and focused on as required. Since the effect of harvest 
dates was essentially a subset of the effect of environment, variations on volatile 
compositions between harvest dates of the 2010/11 season will be discussed in 
greater detail in a subsequent section of this chapter as the effect of environment on 
volatile profiles.  
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Figure 4. 6 GC×GC/TOFMS profiles of Juliette showing qualitative similarities and 
differences between six harvest dates of the 2010/11 season 
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4.3.3 Variations in quality parameters and volatile composition between 
seasons 
The availability of data for at least two seasons for each strawberry variety 
made it possible to study the variations in quality parameters and volatile composition 
between seasons. Figure 4.7 illustrates the differences between the seasonal means 
for the quality parameters for Albion and Juliette. Since the sampling months 
overlapped for only the 2009/10 and 2010/11 seasons (Section 3.2.1), it may be 
more appropriate to mainly compare these two seasons. In the case of Albion, the 
seasonal means for pH, TSS and TSS/TA were found to be significantly higher (p < 
0.05) for the 2010/11 season than the 2009/10 season, while the seasonal means for 
TA were not significantly different between the two seasons. For Juliette, the 
seasonal means for pH and TSS/TA were found to be significantly higher for the 
2010/11 season than the 2009/10 season, whereas the seasonal mean for TA was 
higher for the 2009/10 season, and the seasonal means for TSS were not 
significantly different between the two seasons. Therefore, it appears that fruits of 
both varieties may have been of better flavour quality (based on the higher TSS/TA) 
in the 2010/11 season than the 2009/10 season because of environmental conditions 
that were more favourable for the development of improved flavour. 
 
A comparison of the three harvest seasons (applicable only to Albion) from a 
broader perspective revealed that the seasonal means for pH were found to increase 
significantly (p < 0.05) in the following order: 2009/10 < 2008/09 < 2010/11. The 
seasonal mean for TA was the highest for 2008/09 while the seasonal means for TSS 
for 2008/09 and 2010/11 were significantly higher than 2009/10; and finally TSS/TA 
was the highest for 2010/11. Hence, based on just TSS/TA, it was inferred that fruits 
of the Albion variety probably had the best flavour quality in the 2010/11 season.  
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Figure 4. 7 Variation in quality parameters between seasons for Albion and Juliette. 
Error bars represent 95% confidence intervals for the seasonal means. 
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Figure 4.8 depicts the variations in the GC×GC/ToFMS profiles of Albion 
between three seasons, on the same day (i.e. 6th Jan) of the different sampling years. 
Different volatile compounds varied differently between the seasons and some 
examples, which were either the most abundant compounds of the different chemical 
classes for Albion (as inferred from Table 3.1) and/or compounds regarded to be 
important constituents of strawberry aroma, are provided in Figure 4.9. The seasonal 
mean for methyl butanoate (compound #1) was found to be the highest for 2010/11, 
followed by 2009/10 and finally, 2008/09. The content of (E)-hex-2-enal (compound 
#71) was significantly higher for 2010/11 than 2009/10. Linalool (compound #54) was 
detected in higher amounts for 2008/09 and 2009/10 than 2010/11. The seasonal 
mean for (E)-nerolidol (compound #67) was the highest for 2009/10, followed by 
2008/09 and finally, 2010/11. The seasonal mean for γ-decalactone (compound #92) 
increased in the following order: 2010/11 < 2009/10 < 2008/09, whereas (E)-hex-2-
en-1-ol (compound #79) increased in the following order: 2009/10 < 2008/09 < 
2010/11. The seasonal mean for heptan-2-one (compound #83) was found to be the 
highest for 2010/11 while the mesifuran content was the highest for 2009/10. There 
were no significant differences between the benzyl acetate (compound #89) content 
between the three seasons. Hexanoic acid (compound #94) was detected in higher 
amounts for 2008/09 and 2010/11 than 2009/10. 
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Figure 4. 8 Variations in GC×GC/TOFMS profiles of Albion between three harvest 
seasons (i.e. 2008/09, 2009/10 and 2010/11) 
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Figure 4. 9 Variations in normalised seasonal mean peak area percentages of 
selected volatile compounds detected in Albion. Error bars represent 95% confidence 
intervals for the seasonal means. 
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It thus appeared that the environmental conditions of the 2010/11 season 
were probably most favourable for the development of methyl butanoate, (E)-hex-2-
enal, (E)-hex-2-en-1-ol and heptan-2-one; while the conditions of the 2009/10 season 
were favourable for mesifuran, (E)-nerolidol and linalool (comparable with 2008/09); 
and finally, the conditions of the 2008/09 season were favourable for γ-decalactone 
and hexanoic acid (comparable with 2010/11). In terms of the common volatiles 
identified for the three seasons, the volatile composition of Albion was the largest in 
2009/10, followed by 2010/11 and finally 2008/09, with the normalised mean peak 
area percentages being 98.3%, 97.7% and 92.7%, respectively. Nevertheless, since 
sensory analysis was not performed as part of this research, it is difficult to rank the 
season for flavour quality based on volatile composition as it is established from a 
previous study that only selected volatiles significantly contribute to the perception of 
the overall flavour of strawberries (10). 
 
4.3.4 Correlations between environmental factors 
Findings from preliminary, exploratory statistical analyses, where the overall 
data point mean peak area values of the volatile compounds were correlated with 
either one- or two-week means of maximum, minimum or daily average values of the 
environmental factors, indicated that the one-week means of daily average values 
resulted in the highest number of significant correlations, followed by the one-week 
means of maximum values. It was thus inferred that the environmental conditions of 
the week prior to the sampling date had a greater influence on flavour development 
than that of two weeks, and that it was most appropriate to use daily average values 
of the environmental variables to study their effects on flavour development. Krüger 
et al. (107) found that for a day-neutral variety, Elsanta, the sum of average daily 
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temperatures and sum of daily PAR values for the 10 days before harvesting had a 
greater impact on antioxidant capacity, total phenolic content and acidity compared to 
that of 20 days, and for a short-day variety, Korona, the climatic conditions of the five 
days prior to harvest were more influential than that of 10 days. Furthermore, from 
personal observations made during the course of the ‘days to fruit maturity’ study, it 
was found that the blush fruits usually took about a week to fully ripen. These 
observations and analyses therefore provides a strong justification for using one-
week means for all subsequent statistical analyses described in this chapter.  
 
When correlation analysis was performed among the measured environmental 
factors (Table 4.2), RH was found to be negatively correlated with PAR and positively 
correlated with rainfall, while Tair was positively correlated with Tsoil. Since an 
increase in PAR may likely mean that there is less moisture in the air, it is logical that 
RH would decrease, and similarly, where there is more rainfall, moisture level in the 
air increases and thus RH increases. Tair and Tsoil were also naturally expected to be 
correlated under open-field conditions. In addition, there was a significant negative 
correlation between PAR and rainfall, which supports the suggestion by Herrington et 
al. (105) that during rain-events, cloud cover (implying lower level of PAR) may result 
in reduced photosynthesis. 
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Table 4. 2 Pearson’s correlation coefficients for significant correlations among 
environmental parameters measured 
 RH Tair Tsoil SM PAR 
Tair ns     
Tsoil ns 0.948***    
SM ns ns ns   
PAR -0.932*** ns ns ns  
Rainfall 0.873*** ns ns ns -0.744** 
 
***Significant at p ≤ 0.001; **Significant at 0.01 ≥ p > 0.001; ns: not significant (p > 0.05) 
 
4.3.5 Correlation of quality parameters with environmental factors 
 It was determined that pH was positively correlated with PAR for both Albion 
and Juliette, and was negatively correlated with RH only for Juliette (refer to Table 
4.3). Juliette had a few other quality parameters correlated with environment factors. 
There was a positive correlation between TA and SM. Furthermore, TSS/TA was 
found to be negatively correlated with RH and rainfall, which is supported by an 
existing notion that when strawberries absorb rainwater, dilution in the concentration 
of sugars may occur (105) and thus decrease flavour quality (which is believed to be 
associated with TSS/TA). Moreover, in agreement with the findings by Josuttis et al. 
(109), it was found that both TSS and TA were not significantly influenced by Tair and 
Tsoil. 
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Table 4. 3 Pearson’s correlation coefficients for significant correlations between 
quality parameters and environmental parameters measured 
 pH TA TSS TSS/TA 
 Albion Juliette Albion Juliette Albion Juliette Albion Juliette 
RH ns -0.626* ns ns ns ns ns -0.621LS 
Tair ns ns ns ns ns ns ns ns 
Tsoil ns ns ns ns ns ns ns ns 
SM ns ns ns 0.636* ns ns ns ns 
PAR 0.643* 0.688* ns ns ns ns ns ns 
Rainfall ns ns ns ns ns ns ns -0.683* 
 
*Significant at 0.05 ≥ p > 0.01; LS: low significance (0.06 ≥ p > 0.05); ns: not significant (p > 0.06) 
 
4.3.6 Correlation of volatile compounds with environmental factors 
In an attempt to evaluate the influence of environment on volatile composition, 
volatile compounds detected over at least 50% of the harvest dates of the 2010/11 
season were correlated with the environmental variables, independently for each 
strawberry variety. For Albion, eight compounds were significantly correlated with at 
least three environmental factors (Table 4.4) while for Juliette, up to 17 compounds 
followed this trend (Table 4.5). Of this number, there were two compounds, namely 
isopropyl hexanoate and mesifuran, common to both varieties, thus suggesting that 
these compounds may be largely influenced by the environment, regardless of 
genotype. In relation to the number of significant correlations between volatile 
compounds and environmental parameters at the 5% level, Albion had 12 
correlations with RH; seven with Tair; 16 with Tsoil; 15 with SM; 25 with PAR and 12 
with rainfall; while Juliette had 25 correlations with RH; one with Tair; one with Tsoil; 
nine with SM; 22 with PAR and 19 with rainfall. Therefore, it was inferred that PAR, 
Tsoil and SM may be the three leading environmental factors affecting the volatile 
content of Albion while RH, PAR and rainfall could be the three main environmental 
variables influencing the volatile composition of Juliette. 
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Table 4. 4 Pearson’s correlation coefficients for volatile compounds correlated with 
environmental parameters for Albion 
Compounds RH Tair Tsoil SM PAR Rainfall 
Isopropyl butanoate -0.723* ns ns -0.701* 0.761** -0.632* 
Isopropyl hexanoate -0.875*** ns ns ns 0897*** -0.812** 
4-Pentenyl butanoate -0.733* ns ns ns 0.799** -0.628* 
(Z)-Hex-3-enyl butanoate -0.812** ns ns ns 0.885*** -0.634* 
Hexyl 3-methylbutanoate -0.764** ns ns ns 0.799** -0.675* 
3-Methylbutyl hexanoate -0.707* ns ns -0.697* 0.741** -0.780** 
Heptan-2-ol -0.656* ns ns ns 0.634* -0.783** 
Mesifuran -0.748** ns ns ns 0.756** -0.676* 
 
***Significant at p ≤ 0.001; **Significant at 0.01 ≥ p > 0.001; *Significant at 0.05 ≥ p > 0.01; ns: not 
significant (p > 0.05) 
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Table 4. 5 Pearson’s correlation coefficients for volatile compounds correlated with 
environmental parameters for Juliette 
Compounds RH Tair Tsoil SM PAR Rainfall 
Isopropyl 3-methylbutanoate -0.685* ns ns -0.712* 0.692* ns 
Isopropyl hexanoate -0.626* ns ns -0.657* 0.664* ns 
3-Methylbutyl 3-
methylbutanoate -0.869*** ns ns ns 0.886*** -0.884*** 
Hexyl 3-methylbutanoate -0.782** ns ns ns 0.756** -0.653* 
Myrcene 0.711* ns ns ns -0.721* 0.733* 
α-Phellandrene 0.874*** ns ns ns -0.764** 0.805** 
α-Terpinene 0.718* ns ns ns -0.660* 0.683* 
o-Cymene 0.767** ns ns ns -0.749** 0.702* 
Limonene 0.818** ns ns ns -0.737* 0.845** 
(Z)-β-Ocimene 0.711* ns ns ns -0.707* 0.657* 
(E)-β-Ocimene 0.763** ns ns ns -0.744** 0.755** 
(E)-β-Farnesene 0.836** ns ns ns -0.783** 0.629* 
(E)-Nerolidol 0.851** ns ns ns -0.757** 0.641* 
Mesifuran -0.713* ns ns ns 0.734* -0.653* 
Benzyl acetate -0.773** ns ns ns 0.713* -0.787** 
Ethyl benzoate -0.676* ns ns ns 0.672* -0.648* 
Isopropyl benzoate -0.902*** ns ns ns 0.863*** -0.725* 
 
***Significant at p ≤ 0.001; **Significant at 0.01 ≥ p > 0.001; *Significant at 0.05 ≥ p > 0.01; ns: not 
significant (p > 0.05) 
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4.3.7 Effects of genotype, the environment, and genotype-by-
environment interaction (G×E) on quality parameters and volatiles 
As mentioned in Chapter 1, phenotypic variance (VP) is a measure of all 
variability for a trait, and the contribution by genotype to this variation is called 
genetic variance (VG) while the contribution by the environment is called 
environmental variance (VE). Another source of phenotypic variation is G×E 
interaction (VG×E), which exists when the effect of genotype is dependent on the 
environment. The effects of genotype, the environment, and G×E on quality 
parameters and volatiles were evaluated by examining the corresponding “F” statistic 
(larger the F statistic, the larger the contribution of the term to the total variance) and 
the associated p value in the GLM results obtained, where the level of significance 
was set at 5%. In terms of quality parameters, the genotypic effect was the most 
important for pH, TA and TSS/TA while the effect of the environment was the most 
important source of variation for TSS, as indicated by the size of the “F” statistic 
presented in Table 4.6. These findings coincided with the inferences made in relation 
to Figures 4.2 to 4.5 in Section 4.3.2. Shaw (157) had also found that the genotypic 
effect on the TSS of strawberries was insignificant or significant at p < 0.05 and small 
while the effect of harvest date (i.e. environment) was large and highly significant (p < 
0.01). In addition, the author reported that the genotypic effect on TA was highly 
significant (p < 0.01) and large while the effect of harvest dates was also highly 
significant but smaller than that of genotype. This study also reported the presence of 
highly significant interaction effects between genotype and harvest dates for TA and 
TSS. In another published work, by Capocasa et al. (159), the genotypic effect on the 
nutritional quality of strawberries was reported to be stronger than that of the 
cultivation environment. 
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Table 4. 6 “F” values for the effects of genotype, environment and their interaction on 
quality parameters 
 “F” value 
Quality Parameters Genotype Environment G×E 
pH 101.36*** 21.00*** 4.85*** 
TA 131.82*** 22.59*** 6.61*** 
TSS 11.83*** 355.04*** 32.85*** 
TSS/TA 74.43*** 37.49*** 3.25** 
***Significant at p ≤ 0.001; **Significant at 0.01 ≥ p > 0.001 
 
Since it was evident that TSS was largely influenced by the environment, the 
next step was to identify which of the environmental variables measured could be 
responsible for this effect. As no individual correlations between TSS and 
environmental variables were previously identified in Section 4.3.5, multiple linear 
regression analysis was performed independently for Albion and Juliette, to 
investigate whether TSS was affected by a combination of the environmental 
variables. It was found that only the regression equation estimated for Juliette (TSS = 
5.1 + 0.056 RH - 3.40 Tair + 3.30 Tsoil - 0.239 SM + 0.0019 PAR + 0.042 Rainfall) 
was significant at the 5% level, and out of the six environmental variables entered, 
Tair and Tsoil were found to be the statistically significant (p ≤ 0.05) predictors. 
Therefore, the analysis was carried out again with just these two variables, for 
Juliette as well as Albion, and the regression equations obtained for the two varieties 
were now found to be significant. The regression equations are as follows: 
 
TSS (Juliette) = -1.72 - 2.89 Tair + 2.79 Tsoil; (p = 0.000) 
TSS (Albion) = -0.18 - 1.83 Tair + 1.92 Tsoil; (p = 0.02) 
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Hence, it was confirmed that the TSS contents of both strawberry varieties were 
indeed significantly influenced by the combination of only Tair and Tsoil, with Tair 
having a negative effect on TSS while Tsoil had a positive effect. Therefore, this 
meant that the TSS content increased as Tsoil increased but decreased as Tair 
increased, which was thought provoking as in Section 4.3.4 (Table 4.3), it was 
shown that Tair was positively correlated with Tsoil. Hence, their opposing effects on 
TSS were not expected. The TSS of both varieties were then correlated with average 
maximum and minimum values of Tair and Tsoil to identify a possible explanation for 
the opposing effects of these factors on TSS. However, similar effects were again 
determined.   
 
Out of the 125 volatile compounds analysed by GLM, genotype, the 
environment and/or their interaction had a significant (p ≤ 0.05) effect on 123 
compounds (refer to Appendix 4.2 for complete list of GLM results). Among the three 
sources of phenotypic variation, namely genotype, the environment and G×E, 
genotype was the predominant source of variation for 98 compounds, and in most 
cases, overshadowed the effects of the environment and/or G×E by far. Table 4.7 
provides examples of such compounds, which are also considered to be important 
strawberry aroma compounds as mentioned in Chapter 1 (Section 1.3). This finding 
implied that growers have relatively limited control over flavour development in 
strawberries in regards to growing practices. However, these results also indicate 
that there is opportunity for breeders to produce varieties with better flavour and this 
will be discussed in detail in the next chapter. The volatiles methyl 3-
methylbutanoate, ethyl 3-methylbutanoate, (Z)-hex-3-enyl acetate, hexanal, (Z)-hex-
3-enal, (E)-hex-2-enal, (E,E)-hexa-2,4-dienal, nonanal, (E)-hex-2-en-1-ol, hexan-1-ol, 
octan-1-ol, heptan-2-one, and α-terpineol have also been found to be predominantly 
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influenced by genotype in a study that investigated the effect of growing location and 
harvest date on the volatile composition of four blueberry cultivars (116). The authors 
also reported that both genotype and the harvest date had significant and 
comparable influences on the content of butyl acetate but the influence of harvest 
date was reported to be slightly higher; the variations in hexyl acetate and heptan-2-
ol contents were mainly due to the harvest date; and the variation in (Z)-linalool oxide 
was mainly influenced by genotype. However, in the current study, the genotypic 
effect was the major source of variation in the contents of butyl acetate, hexyl acetate 
and heptan-2-ol, while the effect of harvest date was the major source of variation for 
(Z)-linalool oxide.  
 
Table 4. 7 “F” values for the effects of genotype, the environment and their 
interaction for selected volatile compounds, which were most strongly influenced by 
genotype 
 
 “F” value 
Compounds Genotype Environment G×E 
Methyl butanoate 750.33*** 22.75*** 17.23*** 
Ethyl butanoate 257.71*** 17.78*** 10.64*** 
(E)-Nerolidol 202.76*** 18.93*** 6.89*** 
Heptan-2-one 934.40*** 7.35*** 6.27*** 
Mesifuran 601.10*** 65.89*** 56.66*** 
Furaneol 41.82*** 13.49*** 13.49*** 
γ- Decalactone 404.71*** 10.68*** 10.19*** 
 
***Significant at p ≤ 0.001 
 
Environmental effects on flavour development 
 
 
 123 
On the contrary, Table 4.8 presents all 23 compounds for which the 
environment was the major source of phenotypic variation. Some of these 
compounds were already identified in Section 4.3.6 to be individually correlated with 
a number of environmental parameters. These compounds also generally exhibited 
low Fisher’s ratios, and this was expected as mentioned in Section 3.3.4. Since 
these compounds were strongly influenced by the environment, this indicated that 
they were not environmentally stable and thus, would have had large within-class 
variances, resulting in low Fisher’s ratios. In the study performed by Du et al. (116), 
limonene and linalool were also found to be mainly influenced by harvest date over 
genotype. Since a combination of environmental parameters were found to be 
influencing the TSS contents of Albion and Juliette, linear regression analysis was 
performed for all compounds having at least one individual correlation with an 
environmental parameter as well as for the compounds in Table 4.8. Regression 
equations, which were significant and/or exhibited significant contributions by at least 
one environmental factor at p ≤ 0.06 or better, are presented in Table 4.9 for 
compounds detected in Albion and Table 4.10 for Juliette. 
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Table 4. 8 List of volatile compounds for which the environment contributed more to 
the total variance than genotype or G×E 
 “F” value 
Compounds Genotype Environment G×E 
1-Methylpropyl butanoate 6.69** 23.21*** 9.75*** 
Ethyl octanoate 16.07*** 20.70*** 4.46*** 
3-Methylbutyl hexanoate 24.43*** 86.43*** 49.78*** 
Hexyl hexanoate 1.23ns 21.52*** 4.12*** 
(E)-Hex-2-enyl hexanoate 2.82ns 5.91*** 5.08*** 
(Z)-Hept-2-enal 3.26ns 8.68*** 3.77*** 
(E)-Oct-2-enal 1.50ns 11.93*** 7.40*** 
Oct-1-en-3-one 0.56ns 9.08*** 1.32ns 
Octan-3-one 0.27ns 13.53*** 2.75** 
Myrcene 3.05ns 24.72*** 2.33* 
α-Phellandrene 11.17*** 32.72*** 3.16** 
α-Terpinene 8.58** 50.31*** 4.87*** 
o-Cymene 1.41ns 21.54*** 2.90** 
Limonene 3.30ns 25.42*** 3.95*** 
β-Phellandrene 0.05ns 11.19*** 2.41* 
(Z)-β-Ocimene 1.07ns 21.96*** 3.41*** 
(E)-β-Ocimene 0.75ns 36.43*** 3.69*** 
γ-Terpinene 9.65** 23.42*** 2.34* 
(E)-Linalool oxide  8.54** 12.25*** 2.53* 
Terpinolene 0.01ns 27.81*** 7.25*** 
(Z)-Linalool oxide  0.57ns 15.99*** 2.21* 
Linalool 14.61*** 25.38*** 1.44ns 
Butylated hydroxytoluene 8.47** 16.07*** 6.27*** 
 
***Significant at p ≤ 0.001; **Significant at 0.01 ≥ p > 0.001; *Significant at 0.05 ≥ p > 0.01; ns: not 
significant (p > 0.05) 
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Table 4. 9 Regression equations for compounds found in Albion that are influenced by environment 
Compounds RH Tair Tsoil SM PAR Rainfall Regression Equations 
3-Methylbutyl 
hexanoate ns ns LS * ns ns 
(3-Methylbutyl hexanoate = 0.543 + 0.00149 RH - 0.0243 Tair + 
0.0257 Tsoil - 0.0147 SM + 0.000232 PAR + 0.00305 Rainfall)* 
(E)-Linalool oxide LS ns ns ns * ns ((E)-Linalool oxide = 6.13 - 0.0796 RH - 0.000 Tair + 0.009 Tsoil + 0.0191 SM - 0.00449 PAR + 0.0299 Rainfall)ns 
(Z)-Linalool oxide ns ns ns ns * ns ((Z)-Linalool oxide = 19.1 - 0.241 RH - 0.061 Tair + 0.095 Tsoil + 0.043 SM - 0.0137 PAR + 0.0976 Rainfall) ns 
Isopropyl 
butanoate ns ns ns LS ns ns 
(Isopropyl butanoate = 112 - 0.457 RH - 1.26 Tair + 1.35 Tsoil - 1.57 
SM + 0.0123 PAR + 0.731 Rainfall)* 
Isopropyl 
hexanoate ns ns ns ns ns ns 
(Isopropyl hexanoate = 3.78 - 0.0122 RH - 0.127 Tair + 0.144 Tsoil - 
0.0712 SM + 0.00102 PAR + 0.0257 Rainfall)* 
Mesifuran ns ns LS ns ns ns (Mesifuran = 5.02 - 0.0159 RH - 0.394 Tair + 0.430 Tsoil - 0.120 SM 
+ 0.00132 PAR + 0.0589 Rainfall)ns 
 
***Significant at p ≤ 0.001; **Significant at 0.01 ≥ p > 0.001; *Significant at 0.05 ≥ p > 0.01; LS: low significance (0.06 ≥ p > 0.05); ns: not significant (p > 0.06) 
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Table 4. 10 Regression equations for compounds found in Juliette that are influenced by environment 
Compounds RH Tair Tsoil SM PAR Rainfall Regression Equations 
(E)-Hex-2-enyl hexanoate ns * * ns ns ns ((E)-Hex-2-enyl hexanoate = 0.46 + 0.00769 RH - 0.115 Tair + 0.122 Tsoil - 0.0317 SM + 0.000481 PAR + 0.0151 Rainfall)ns 
Linalool ns ns ns ns ns ns (Linalool = -0.1 + 0.241 RH + 1.58 Tair - 1.90 Tsoil + 0.011 SM + 0.0078 PAR - 0.004 Rainfall)LS 
Isopropyl hexanoate ns ns LS * ns ns (Isopropyl hexanoate = 4.30 – 0.0114 RH - 0.128 Tair + 0.134 Tsoil - 0.0761 SM + 0.000428 PAR + 0.0348 Rainfall)ns 
3-Methylbutyl 3-
methylbutanoate ns ns ns ns ns ns 
(3-Methylbutyl 3-methylbutanoate = -0.57 + 0.0112 RH – 
0.0276 Tair + 0.0250 Tsoil - 0.0098 SM + 0.000945 PAR - 
0.00870 Rainfall)* 
(Z)-Hept-2-enal LS ns ns ns ns ns ((Z)-Hept-2-enal = 1.36 - 0.0205 RH- 0.0114 Tair + 0.0083 Tsoil 
+ 0.0060 SM - 0.000750 PAR + 0.0118 Rainfall)ns 
Oct-1-en-3-one ** ns ns ns ** ns (Oct-1-en-3-one = 1.19 - 0.0149 RH - 0.0009 Tair - 0.0030 Tsoil 
+ 0.00266 SM - 0.000624 PAR + 0.00855 Rainfall)* 
 
***Significant at p ≤ 0.001; **Significant at 0.01 ≥ p > 0.001; *Significant at 0.05 ≥ p > 0.01; LS: low significance (0.06 ≥ p > 0.05); ns: not significant (p > 0.06) 
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Although regression analyses were performed for 30 compounds in relation to 
Albion and 34 compounds in relation to Juliette, significant regressions were obtained 
for only a limited number of compounds. A possible explanation for this was that 
some of the remaining compounds, for example, 1-methylpropyl butanoate, octan-3-
one, α-phellandrene, limonene, β-phellandrene, isopropyl 3-methylbutanoate and 
ethyl benzoate, were possibly influenced by the one-week means of maximum values 
instead of the one-week means of daily average values. It was determined from 
Tables 4.9 and 4.10 that Albion had 1 significant contribution by RH; none by Tair; 2 
by Tsoil; 2 by SM; 2 by PAR and none by rainfall; while Juliette had 2 contributions by 
RH; 1 by Tair; 2 by Tsoil; 1 by SM; 1 by PAR and none with rainfall. This observation 
supports the discussion in Section 4.3.6, which highlighted that PAR, Tsoil and SM 
may be the three major environmental variables influencing the volatile composition 
of Albion, and also seems to suggest that Tsoil may be a more important 
environmental variable affecting the volatile content of Juliette than rainfall.  
 
Furthermore, the presence of significant G×E interactions for all four quality 
parameters and 116 volatile compounds implied that Albion and Juliette can perform 
differently under the same range of environmental stimuli as well as under different 
environments (i.e. overseas environmental conditions versus local environmental 
conditions). Therefore, these findings justified the need for the research presented in 
this thesis as although there may be overseas research data on different varieties, 
the information can only be used as a rough guide, and should not be extrapolated 
for Australian varieties. 
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4.3.8 Recommendations for growing conditions 
One of the aims of this thesis was to provide growers with a range of 
environmental conditions that were considered to be positively influencing the flavour 
development in strawberries of the Albion and Juliette varieties, when grown in 
Australia. Since significant regression equations were estimated for the TSS of both 
varieties with environmental predictors, it seemed valid to use TSS as one of the 
criteria for selection of the favoured environmental conditions. TSS/TA was another 
criterion employed as this ratio is often considered to generally reflect flavour quality. 
The normalised mean peak area percentage of mesifuran, which is regarded to be an 
important strawberry aroma compound, determined for a harvest date was chosen as 
the final criterion since this volatile compound was found to be positively correlated at 
the 5% significance level with both TSS and TSS/TA for Albion and Juliette. It was 
observed from Table 4.11 that both varieties had high values for TSS and/or TSS/TA 
on 24th Nov '10, 29th Dec '10 and 6th Jan '11. The normalised mean peak area 
percentages of mesifuran were also the highest for these three harvest dates. Hence, 
it was inferred that a daily average value between 61–66% for RH; 15.2–17.9 °C for 
Tair; 21.4–24.0 °C for Tsoil; 56.3–61.3% for SM; 479–559 µmol/m2 s for PAR and 0.0–
0.1 mm for rainfall, especially in the one week preceding harvest, could be favourable 
for obtaining flavoursome fruits of both varieties. 
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Table 4. 11 Details of environmental conditions measured for the harvest dates of the 2010/11 season along with the corresponding 
TSS, TSS/TA and peak area percentage of mesifuran for Juliette and Albion  
 
Juliette 
 
 
Albion 
 Harvest 
date 
RH 
(%)* 
Tair 
(°C)* 
Tsoil 
(°C)* 
SM 
(%)* 
PAR 
(µmol/m2 
s)* 
Rainfall 
(mm)* 
TSS TSS/TA 
Peak area 
% of 
Mesifuran 
TSS TSS/TA 
Peak area 
% of 
Mesifuran 
3/11/10 72 ± 9 13.9 ± 3.6 18.1 ± 2.3 60.7 ± 0.5 409 ± 152 9.8 ± 15.9 8.7 12.5 1.85 8.1 9.9 0.09 
10/11/10 63 ± 6 15.0 ± 3.2 19.6 ± 2.3 58.1 ± 1.2 529 ± 84 0.1 ± 0.2 9.0 12.1 6.15 10.3 9.9 0.19 
17/11/10 72 ± 7 16.1 ± 3.6 20.5 ± 2.2 57.0 ± 0.9 337 ± 72 2.2 ± 2.8 9.2 12.6 4.74 9.0 9.4 0.14 
24/11/10 62 ± 8 17.5 ± 4.2 22.1 ± 2.8 56.3 ± 1.6 541 ± 104 0.0 ± 0.0 10.0 13.2 8.04 11.9 12.6 0.58 
3/12/10 77 ± 4 16.8 ± 1.9 21.4 ± 1.6 60.2 ± 1.5 332 ± 92 10.4 ± 8.5 8.9 10.8 1.87 10.0 9.4 0.21 
10/12/10 72 ± 4 20.7 ± 1.5 25.2 ± 1.8 61.1 ± 0.9 414 ± 103 8.1 ± 7.6 9.0 10.0 3.36 10.0 10.0 0.17 
15/12/10 67 ± 8 16.6 ± 1.8 21.9 ± 1.9 60.8 ± 0.8 409 ± 100 3.9 ± 5.9 11.1 11.4 1.78 11.9 10.3 0.32 
22/12/10 72 ± 5 13.1 ± 1.4 18.5 ± 1.7 61.8 ± 0.6 338 ± 70 8.0 ± 10.0 12.0 11.7 1.61 11.1 10.9 0.09 
29/12/10 66 ± 3 15.2 ± 2.3 21.4 ± 1.6 60.4 ± 0.7 479 ± 118 0.1 ± 0.1 14.9 16.1 8.59 14.1 15.0 0.54 
6/1/11 61 ± 7 17.9 ± 3.7 24.0 ± 1.6 61.3 ± 1.0 559 ± 77 0.0 + 0.0 12.8 15.5 21.76 11.4 11.9 0.79 
 
* Values represent one-week means of the daily average values ± 95% confidence interval. 
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4.4 Conclusion 
The effects of genotype, the environment, and G×E varied between quality 
parameters and volatile compounds. It may be difficult to isolate a specific 
environmental factor, which was responsible for the variations in flavour quality and 
volatile composition when the strawberry varieties were cultivated under open field 
conditions. Nevertheless, since the genotypic effect on flavour development was 
identified to be more important than the effect of the environment, this justified the 
need for ongoing support for Australian breeding programs so that productive 
varieties with good flavour and unique adaptation to the Australian environment may 
be developed. The presence of G×E serves as a reminder that although overseas 
varieties may perform well where they were bred, it may not necessarily mean that 
the same could be expected under the Australian climatic conditions.  
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5 
The inheritance of flavour constituents and 
the possibilities for breeding for enhanced 
flavour 
 
5.1 Introduction 
Plant breeding is regarded to be a highly complex process, which requires a 
great deal of intuition from the breeder, in addition to scientific knowledge. Strawberry 
breeders usually attempt to improve about 70 different properties of the target 
varieties (51). However, in classical strawberry breeding, flavour quality has generally 
been of lower priority, with greater importance placed on parameters such as yield, 
appearance, pest and disease resistance, and post-harvest storage life (160). Over 
the years, this view has changed and there has been increasing acknowledgement 
for the real necessity of good flavour in strawberries for continued customer 
satisfaction. 
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At present, there are two main breeding programs (temperate breeding 
program and sub-tropical breeding program) conducted in Australia. The breeding 
facility in Wandin, Victoria, is responsible for the temperate breeding program while 
the facility in Sunshine Coast, Queensland, is responsible for the sub-tropical 
breeding program. The combined efforts of these two breeding programs had 
resulted in the release of 16 strawberry varieties between 1993 and 2002 (18), and 
Australian strawberry breeders have constantly been trying to enhance the flavour of 
day-neutral strawberry varieties by transferring genes from the short-day varieties 
with very good flavour to the day-neutral breeding population.  
 
Klee (160) stated that although there are strawberry varieties with adequate 
sugar and acid contents, without improvements in volatile composition, flavour quality 
may still be regarded as inferior. The author also highlighted that breeders have had 
limited tools to select for enhanced flavour or even maintain a particular favourable 
flavour. Some of the problems faced by them include the great difficulty to assay for 
the phenotype, the effects of the environment on the concentrations of chemicals 
associated with flavour (as evident from the results presented in the previous 
chapter), and most breeding programs have limited capacity to screen for the range 
of these flavour chemicals, which requires advanced chemical analysis. Furthermore, 
the sheer numbers of fruits in the field that have to be tasted restricts the selection for 
good flavour. Hence, scientific research is imperative in assisting breeders to make 
more informed decisions during the breeding process.  
 
Inheritance analysis of compounds, which are considered to be important 
contributors to the characteristic aroma of strawberries, provides useful information to 
the breeders and facilitates the selection process of suitable breeding partners with a 
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high flavour potential (161). Several studies in literature have previously reported the 
narrow-sense and broad-sense heritabilities of quality traits and aroma compounds 
(162-164). Olbricht et al. (161) showed that different volatile compounds exhibited 
different degrees of inheritance, which was reasonable since the multiplicity of these 
compounds was derived from various diverse biochemical pathways. In this chapter, 
the broad-sense heritability estimates of quality parameters (pH, TA, TSS and 
TSS/TA) and selected volatile compounds, which were detected in Albion and/or 
Juliette, will be presented. The volatile compositions of white (unripe), blush and ripe 
strawberries of the Albion variety will be compared, and details of compounds that 
were significantly correlated with TSS and/or TSS/TA for either one or both varieties, 
will be provided. In addition, two possible strategies for breeding for enhanced flavour 
will be presented and discussed.  
 
As discussed in the previous chapter, variation observed in a trait for the two 
strawberry varieties can be partitioned into genetic (VG) and environmental (VE) 
components, and the interaction between the two (VG×E). However, when estimating 
broad-sense heritability (H2B) of a trait, several assumptions are made. Firstly, the 
partitioning of VG into additive, dominance, or interactive components is ignored. 
Secondly, it is assumed that VG×E is not important and the term is not included when 
determining the phenotypic variation (VP) (165). The Albion and Juliette plants used 
in this study are actually clonally-propagated plants. Hence, another assumption is 
necessary when determining broad-sense heritabilities of these plants, namely, that 
there are no clonal effects. Clonal effects arise as common environmental effects 
associated with specific clones. In this experiment, significant clonal effects would 
result in the over estimation of broad-sense heritabilities and genetic coefficients of 
variation (166).  
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5.2 Experimental 
5.2.1 White and blush strawberry samples 
White and blush strawberry samples of the Albion variety were randomly 
sampled on two dates (12 Nov '09 and 19 Nov '09) during the 2009/10 season. The 
volatile compounds were extracted by HS-SPME (Section 2.2.3) and analysed by 
GC×GC/ToFMS (Section 2.2.6) using protocols as described in previous sections. 
 
5.2.2 Statistical analysis 
The general linear model (GLM) procedure was performed in Minitab (v. 14) 
using the two-plot replicate data (three experimental replicates per sample) for quality 
parameters and volatile compounds, which were detected over at least 50% of the 
2010/11 harvest dates in Albion and/or Juliette. The mean squares (MS) for the 
‘genotypes’, ‘plot replicates’, ‘genotypes × plot replicates’ and ‘error’ terms, and the 
degrees of freedom (d.f.) for the ‘error’ term were obtained from the Minitab output for 
GLM, and entered into a Microsoft Excel spreadsheet. Partitioned mean squares 
from the GLM were converted into genotypic and environmental variances using the 
expectation of mean squares for this experiment (Table 5.1), following Pang and 
Halloran (166).  
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Table 5. 1 Analysis of variance and expectation of mean squares for a randomised 
design involving plot replicates of varieties analysed 
Source of variation d.f. MS Expectation of MS 
Genotypes (G) (n1-1) MS(G) σE2 + mσGP2 + mn2σG2 
Plot replicates (P) (n2-1) MS(P) σE2 + mσGP2 + mn1σP2 
Genotypes × Plot 
replicates (GP) 
(n1-1) (n2-1) MS(GP) σE
2
 + mσGP
2
 
Error (E) n1n2 (m-1) MS(E) σE2 
 
σG
2
 = VG = genotypic variance; σE2 = VE = environmental variance; MS: Mean Squares 
 
 
Estimates for broad-sense heritabilities (H2B) were then calculated for the 
quality parameters and volatile compounds as follows: 
22
2
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5.3 Results and discussion 
5.3.1 Broad-sense heritabilities of quality parameters and volatiles 
The broad-sense heritabilities for pH, TA, TSS and TSS/TA, specifically for 
Albion and Juliette, were estimated as 28.7%, 41.3%, 3.9% and 13.5%, respectively. 
These values supported the inferences made from data presented in Table 4.6 of the 
previous chapter, where both pH and TA were considered to be influenced 
predominantly by genotype (since the genetic component of variance was larger than 
that of the environment and G×E), while TSS was believed to be influenced mainly by 
the environment (since the environmental component of variance was larger than that 
of genotype and G×E). Shaw et al. (163) also found the broad-sense heritability for 
titratable acidity (0.78 = 78%) to be higher than that of soluble solids (0.35 = 35%) by 
studying strawberry samples from the progeny from 28.biparental crosses, which 
further allowed the authors to determine estimates for narrow-sense heritabilities for 
soluble solids as 0.07 (7%) and for titratable acidity as 0.48 (48%). It was also 
mentioned that since broad-sense heritability estimates for soluble solids and 
titratable acidity were higher than their narrow-sense heritability estimates, this 
suggests the presence of dominance variance for these two traits. Although the 
genetic component of variance for TSS/TA was larger than that of the environment 
and G×E, this variance was not as large as in the cases of pH and TA, and this was 
evident from the lower broad-sense heritability estimated for TSS/TA. Hence, among 
the four quality parameters, TA could possibly be the most inheritable trait followed 
by pH, TSS/TA and finally, TSS.  
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The broad-sense heritabilities estimated for the volatiles ranged from -12.2% 
to 90.3%, and a complete list of these estimates is provided in Appendix 5.1. Eleven 
compounds, namely (E)-β-ocimene, myrtenal acetate, decanal, β-phellandrene, 
octan-3-one, ethyl hexanoate, oct-1-en-3-one, butylated hydroxytoluene, ethyl 
octanoate, (Z)-hept-2-enal and (E)-oct-2-enal, were found to have negative 
heritabilities due to negative estimates of the VG component. All of these volatiles, 
except myrtenal acetate, decanal and ethyl hexanoate, were also included in Table 
4.8 of the previous chapter as compounds considered to be predominantly influenced 
by the environment, which indicated their low stability across the season. Although 
heritability values usually range from 0 to 1 (i.e. 0% to 100%), negative estimates for 
genetic variance components have been reported, and possible causes for this 
occurrence would include inadequateness of genetic model, sampling error and 
inadequateness of experimental design (167). Since negative estimates possibly 
suggest that the actual variance is almost close to zero, the resultant heritabilities 
calculated are often reported as zero, although some authors have also reported the 
actual values obtained (168), and that was followed here. 
 
In the current study, heptan-2-one was found to have the highest heritability 
estimate of 90.3%, which was in agreement with the very large genotypic effect 
observed for this volatile compound in Table 4.7 (Section 4.3.7). Heptan-2-one was 
also determined to have the highest Fisher’s ratio (15.33) as highlighted in Table 3.4 
(Section 3.3.4). This illustrated that that a compound exhibiting a high Fisher’s ratio 
may also be highly heritable, although this may not always necessarily be the case. 
From a hypothetical perspective, it can be observed from Figure 5.1 that if a trait is 
stable across a season for the two strawberry varieties (i.e. graphs are flat horizontal 
lines), it could be assumed that the VE term in the formula for broad-sense heritability 
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is equal to zero, and the between-class variance term in the formula for Fisher’s ratio 
is minimised. In addition, if the graphs of Albion and Juliette are separated by a large 
vertical distance, it indicates that the trait is mainly influenced by genotype (i.e. the 
VG term in the formula for broad-sense heritability is large), and the between-classes 
variance term in the formula for Fisher’s ratio is maximised. Therefore, the trait could 
have a high broad-sense heritability as well as a high Fisher’s ratio, as seen in the 
case of heptan-2-one. On the contrary, it can be observed from Figure 5.2 that if the 
graphs of Albion and Juliette are separated by a relatively small vertical distance, the 
between-classes variance term in the formula for Fisher’s ratio is minimised. Hence, 
it may be possible for a trait to have a high broad-sense heritability but a low Fisher’s 
ratio, as seen in the case of butyl hexanoate. 
 
Figure 5. 1 Hypothetical and real (heptan-2-one) example of compounds having both 
high broad-sense heritability and Fisher’s ratio  
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Figure 5. 2 Hypothetical and real (hexyl butanoate) examples of compounds having 
high broad-sense heritability but low Fisher’s ratio 
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5.3.2 GC×GC/ToFMS profiles of white, blush and ripe fruits 
Variations between the volatile profiles of white, blush and ripe fruits of Albion 
are depicted in Figure 5.2. The volatile content appeared to increase with ripening, 
and while the levels of some compounds decreased with ripening (“spots” in 2D plot 
became smaller), the levels of a larger number of compounds increased (“spots” in 
2D plot became larger). Since it is of common consensus that white (unripe) fruits do 
not have any desirable flavour characteristics while blush fruits have insufficient 
flavour, it seemed worthwhile to identify which compounds exhibited a decreasing 
trend from white to blush to ripe fruits, and which compounds exhibited an increasing 
trend. It was assumed that compounds having a decreasing trend may probably be 
“unfavourable” volatiles, which could contribute to the undesirable flavour of white 
fruits, whereas compounds having an increasing trend may possibly be “favourable” 
volatiles, which could contribute to the characteristic flavour of ripe strawberries.  
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Figure 5. 3 GC×GC/ToFMS profiles of white, blush and ripe fruits of Albion 
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Table 5. 2 List of selected volatiles that increase or decrease with ripening along with their respective literature odour descriptions, and 
broad-sense heritabilities (H2B) 
Normalised Peak Area Percentage* 
Compound White Blush Ripe Trend 
Literature Odour 
Descriptions# 
H2B (%) 
Methyl butanoate nd 4.98 15.82 I Ether, fruit, sweet 74.4 
Ethyl butanoate nd nd 2.78 I Apple 56.4 
Isopropyl butanoate nd nd 1.56 I Sweet, fruit, pineapple 45.3 
Methyl hexanoate nd 2.32 9.89 I Fruit, fresh, sweet 12.3 
Butyl butanoate nd nd 1.07 I Fruity, banana, pineapple, 
sweet 80.6 
Ethyl hexanoate nd nd 0.95 I Apple peel, fruit -3.7 
Linalool 0.70 17.09 16.62 I Flower, lavender 11.6 
(E)-β-Farnesene nd 0.11 0.27 I Wood, citrus, sweet 63.9 
(E)-Nerolidol nd 1.40 16.07 I Wood, flower, wax 58.5 
Mesifuran nd nd 0.17 I Caramel, sweet, mildew 46.0 
γ-Decalactone nd nd 3.80 I Peach, fat 75.8 
γ-Dodecalactone nd nd 1.82 I Sweet, fruit, flower 17.8 
Pentanal 0.13 nd nd D Almond, malt, pungent na 
Hexanal 10.61 5.16 1.67 D Grass, tallow, fat 36.1 
(Z)-Hex-3-enal 1.37 0.47 0.06 D Leaf, green 39.1 
Hex-2-enal 0.58 0.22 0.06 D Green 45.5 
(E)-Hex-2-enal 68.54 36.40 7.36 D Green, leaf 61.4 
(E,E)-Hexa-2,4-dienal 1.06 0.24 nd D Green 10.2 
(Z)-Hept-2-enal 0.54 0.21 0.03 D na -11.9 
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Normalised Peak Area Percentage* 
Compound White Blush Ripe Trend 
Literature Odour 
Descriptions# 
H2B (%) 
(E)-Oct-2-enal 0.32 0.28 0.07 D Green, nut, fat -12.9 
Oct-1-en-3-one 0.77 0.38 nd D Mushroom, metal -6.3 
6-Methyl-5-hepten-2-one 0.36 0.23 nd D Pepper, mushroom, rubber na 
(E)-Oct-3-en-2-one 0.19 nd nd D 
Berry, butter, lemon, nutty, 
sweet, earthy, vegetable, spicy, 
herbaceous 
na 
Geranyl acetone 0.16 0.12 nd D Magnolia, green na 
(Z)-Hex-3-en-1-ol 1.24 nd nd D Grass na 
Hexanol 1.63 0.39 0.06 D Resin, flower, green 71.3 
1-Octen-3-ol 0.76 nd nd D Mushroom 4.8 
Myrcene nd 0.60 0.16 D Balsamic, must, spice 3.9 
o-Cymene nd 0.29 nd D na 3.0 
Limonene nd 0.31 0.05 D Lemon, orange 3.9 
(Z)-β-Ocimene nd 0.12 0.06 D Herb 1.8 
(E)-β-Ocimene nd 0.22 0.07 D Sweet, herb 0.0 
2-Pentyl furan 0.30 0.23 0.05 D Green bean, butter 27.8 
Benzaldehyde 0.61 0.43 0.10 D Almond, burnt sugar 32.8 
Methyl salicylate 0.44 nd nd D Peppermint 28.5 
Decanal 0.25 0.21 0.08 D Soap, orange peel, tallow -0.5 
Myrtenol 1.47 2.05 0.60 D Berry, medicinal, minty, woody, 
vanilla 55.9 
3-Methylbutyl acetate nd 0.81 0.60 nc Banana 54.3 
(Z)-Hex-3-enyl acetate 2.59 4.64 1.91 nc Green, banana 69.3 
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Normalised Peak Area Percentage* 
Compound White Blush Ripe Trend 
Literature Odour 
Descriptions# 
H2B (%) 
Hexyl acetate 0.76 3.47 2.92 nc Fruit, herb 48.0 
(E)-Hex-2-enyl acetate 1.22 8.44 5.13 nc Waxy, banana like odor with 
spice undertones (cinnamon) 64.6 
Octanal 0.19 nd 0.07 nc Fat, soap, lemon, green 6.5 
Nonanal 0.60 0.73 0.49 nc Fat, citrus, green 63.8 
(E)-Non-2-enal 0.15 0.05 0.07 nc Cucumber, fat, green 28.3 
(E)-Linalool oxide 0.19 0.88 0.23 nc Flower 6.2 
(Z)-Linalool oxide 0.34 1.77 0.69 nc Flower 0.9 
Myrtenal 0.19 0.62 0.34 nc Spice 42.2 
Benzyl acetate 0.41 2.42 0.90 nc Fresh, boiled vegetable 34.2 
 
*Values represent the mean peak area percentages of the compounds from two harvest samples. #Odour descriptions obtained from either (169) or (170).D: 
Decrease with increasing ripeness; I: Increase with increasing ripeness ; nc: not clear; nd: not detected; na: not available 
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Table 5.2 provides the peak areas for selected volatile compounds detected in 
the white, blush and/or ripe samples along with their respective trends in variation, 
literature odour descriptions, and broad-sense heritabilities. Compounds that 
increased in peak area or formed with the ripening process generally had odour 
descriptors such as sweet, fruity and flower; while compounds that decreased in peak 
area or were not detected in the fully-ripe fruit due to the ripening process were 
usually described as having a “green" odour. This seems to agree with the general 
perception about white fruits having a global “green” odour (171), which evolves into 
a global sweet flavour in the fully matured fruit with the development of sugars and 
volatile compounds. Hence, breeders could possibly aim to either reduce the 
concentration of compounds with a decreasing trend to even lower levels or to 
increase the concentration of compounds with an increasing trend.  
 
The volatile composition of the white fruits was dominated by (E)-hex-2-enal 
and hexanal (both associated with grassy / green odour, such as that of cut grass), 
which accounted for 79.1% of the total area of all compounds identified for the 
immature fruits, while the volatile composition of the blush fruits was dominated by 
(E)-hex-2-enal and linalool, which accounted for 53.5% of the total area. Linalool, (E)-
nerolidol and methyl butanoate were the top three dominant compounds, accounting 
for 48.5% of the total area, in the volatile profile of the ripe fruits. It can also be 
observed from Table 5.2 that the relative proportion of (E)-2-hexenal decreased 
significantly from 68.5% to 7.4% in white and fully-ripe fruits, respectively. 
Nevertheless, (E)-hex-2-enal was found to be the predominant aldehyde in fruits of 
all three maturity stages, and this is consistent with the results previously reported by 
Pérez et al. (172) and Ménager et al. (173). On the contrary, linalool content was 
found to increase with ripening, again in agreement with the results published by 
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Ménager et al (173). (Z)-Hex-3-enyl acetate, hexyl acetate and (E)-hex-2-enyl 
acetate were the three esters detected in fruits at all three maturity stages, and the 
levels of these compounds seemed to be the highest in the blush fruits of Albion. 
However, Ménager et al. (173) reported that hexyl acetate and (E)-hex-2-enyl acetate 
contents increased with ripening and the levels were the highest in the ripe fruits of 
Cigaline. Hence, it was inferred that differences between the findings of the current 
work and those obtained from published sources could possibly be due to factors 
such as varietal differences and insufficient number of samples between the blush 
and fully-ripe stages. 
 
Ethyl butanoate, isopropyl butanoate, butyl butanoate, ethyl hexanoate, 
mesifuran, γ-decalactone and γ-dodecalactone were examples of compounds 
detected only in the fully-ripe fruits of Albion. Yamashita et al. (174) proposed that 
production of esters in strawberries was evident only at mature stages because of the 
lack of volatile fatty acids and ester-forming enzyme activity at immature stages. A 
source from literature had also reported detecting isopropyl butanoate only in fully-
ripe strawberries of the Chandler variety (171). Several authors have found mesifuran 
and furaneol contents to increase with maturation (173, 175). However, since 
furaneol was not detected in the fruits of Albion in the current study, using the 
protocols and experimental conditions presented in Chapter 2 for the HS-SPME–
GC×GC/ToFMS methodology, it was not possible to know whether fruit ripening had 
an effect on furaneol production. Pérez et al. (175) detected mesifuran only in the 
ripe fruits of Oso Grande, Chandler and Tulda but for I-101, mesifuran content was 
found to increase from the pink maturity stage onwards. Ménager et al. (173) 
reported that mesifuran content increased from the half-red maturity stage onwards in 
fruits of the Cigaline variety. This study also reported that γ-decalactone and γ-
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dodecalactone contents increased with ripening, where the former compound was 
already detected in trace levels in unripe fruits of Cigaline while the level of the latter 
compound was found to increase from the pinky maturity stage onwards. Therefore, 
from the literature discussed above, it could possibly be concluded that strawberries 
generally contain the highest levels of ethyl butanoate, isopropyl butanoate, butyl 
butanoate, ethyl hexanoate, mesifuran, γ-decalactone and γ-dodecalactone at the 
fully ripened stage. 
 
5.3.3 Other possible target compounds for strawberry breeding 
Volatile compounds positively correlated with TSS and/or TSS/TA may serve 
as possible compounds to target for when breeding for better flavour, while 
compounds, which are negatively correlated, could possibly be bred out. A full list of 
compounds that were identified to be significantly correlated with the two quality 
parameters of interest, in regards to Albion and Juliette, are presented in Table 5.3 
along with their respective broad-sense heritabilities. Since the flavour of Albion is 
said to be different from Juliette , breeders could probably focus on the compounds 
that are positively correlated with TSS and/or TSS/TA for that individual variety if they 
are trying to breed for a similar flavour. Nevertheless, without a concurrent study 
involving both instrumental and sensory analyses, no strong conclusions could be 
made on the contribution of a volatile compound to the desirable flavour 
characteristics of a particular strawberry variety. 
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Table 5. 3 List of volatile compounds significantly correlated with TSS and/or TSS/TA 
along with their respective broad-sense heritabilities (H2B) 
Albion Juliette Compounds TSS TSS/TA TSS TSS/TA 
H2B 
(%) 
Esters      
Methyl butanoate  -LS   74.4 
Ethyl butanoate   +*  56.4 
Butyl acetate -*    67.6 
3-Methylbutyl acetate -* -*   54.3 
Propyl butanoate     12.6 
Methyl hexanoate  -*   12.3 
2-Methylpropyl butanoate -*    61.2 
Butyl butanoate   +** +* 80.6 
Ethyl hexanoate   +** +* -3.7 
(Z)-Hex-3-enyl acetate 
 -
LS
  -** 69.3 
(E)-Hex-2-enyl acetate 
   -* 64.6 
3-Methylbutyl butanoate   +* +*** 24.0 
(Z)-Pent-2-enyl butanoate 
 +*   53.4 
3-Methylbutyl 3-
methylbutanoate    +* 8.7 
Hexyl propanoate   +*** +** 35.3 
Butyl hexanoate  +*   73.2 
Hexyl butanoate   +**  60.0 
(E)-Hex-2-enyl butanoate 
  +*** +* 51.3 
Ethyl octanoate  +*   -8.2 
1-Methylhexyl butanoate +** +*   56.6 
3-Methylbutyl hexanoate   +** +** 1.7 
Hexyl hexanoate +* +*   0.6 
(E)-Hex-2-enyl hexanoate 
  +*  1.9 
Octyl butanoate  +*   56.6 
1-Methyloctyl butanoate +*    32.7 
Octyl 3-methylbutanoate   +** +* 48.5 
Octyl hexanoate  +*   38.9 
      
Aldehydes      
Nonanal   +*** +* 63.8 
Decanal -* -*   -0.5 
      
Alcohols      
Heptan-2-ol +LS    77.7 
      
Terpenoids      
Myrcene -LS   -* 3.9 
α-Phellandrene -**    2.6 
α-Terpinene -*    1.1 
o-Cymene -*  -* -* 3.0 
Limonene -*    3.9 
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Albion Juliette Compounds TSS TSS/TA TSS TSS/TA 
H2B 
(%) 
β-Phellandrene -**    -0.6 
(Z)-β-Ocimene -*    1.8 
(E)-β-Ocimene -*    0.0 
γ-Terpinene -**    2.7 
Terpinolene -*    0.3 
(Z)-Linalool oxide 
   -* 0.9 
Linalool -** -* -**  11.6 
 
     
Furans      
Mesifuran +* +*  +** 46.0 
Furaneol   +* +** 10.8 
      
Aromatic compounds      
Benzaldehyde   +**  32.8 
Methyl benzoate    +* 4.1 
Benzyl acetate    +* 34.2 
Ethyl benzoate   +* +** 7.2 
      
Lactones      
γ-Decalactone 
 +LS +**  75.8 
γ-Dodecalactone 
  +*  17.8 
      
Sulfur compound      
(S)-Methyl 3-
methylbutanethioate    +* 22.3 
      
Acid      
Hexanoic acid  +*   36.3 
 
+: denotes positive correlation; -: denotes negative correlation; ***Significant at p ≤ 0.001; **Significant 
at 0.01 ≥ p > 0.001; *Significant at 0.05 ≥ p > 0.01; LS: low significance (0.06 ≥ p > 0.05); ns: not 
significant (p > 0.06) 
 
For fruits of Albion, five compounds were positively correlated and 15 were 
negatively correlated (majority were terpenoid compounds) with TSS, while 10 
compounds were positively correlated (majority were esters) and six were negatively 
correlated with TSS/TA. For fruits of Juliette, 16 compounds were positively 
correlated (majority were esters) and two were negatively correlated with TSS, while 
15 compounds (majority were again esters) were positively correlated and five were 
negatively correlated with TSS/TA. It was observed that 1-methylhexyl butanoate, 
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hexyl hexanoate and mesifuran were positively correlated, while 3-methylbutyl 
acetate, decanal and linalool were negatively correlated with both TSS and TSS/TA 
of the Albion variety. In regards to the Juliette variety, butyl butanoate, ethyl 
hexanoate, 3-methylbutyl butanoate, hexyl propanoate, (E)-hex-2-enyl butanoate, 3-
methylbutyl hexanoate, octyl 3-methylbutanoate, nonanal, mesifuran and ethyl 
benzoate were positively correlated, while o-cymene was negatively correlated with 
both TSS and TSS/TA. Hence, this reiterates the strong influence esters and 
mesifuran could possibly have on the characteristic aroma of fresh strawberries. 
Furthermore, it is evident that a volatile compound could influence the flavour profile 
of one variety in a different way to another variety. 
 
The literature was also searched to obtain suggestions for possible 
compounds to breed in (i. e. shown to be correlated with good flavour) or breed out (i. 
e. shown to be correlated with off-flavour), and a number of such compounds were 
identified. Golaszewski et al. (78) found mesifuran and furaneol to be positively 
correlated with fresh flavour but negatively correlated with off-flavour, and α-terpineol 
to be negatively correlated with fresh flavour but positively correlated with off-flavour 
by evaluating the sensory attributes and volatile composition of stored strawberry 
juice. Hexanoic acid is another compound considered to be an off-flavour compound 
(25), with an unpleasant, sweaty or cheese-like odour. Furthermore, as mentioned in 
Chapter 1 (Section 1.3), Schieberle (44) reported that a sweetish, caramel-like 
odour was perceived with the omission of (Z)-hex-3-enal from a model mixture of 
strawberry odorants. Hence, α-terpineol, hexanoic and (Z)-hex-3-enal may be 
possible compounds to breed out. In the current study, α-terpineol and (Z)-hex-3-enal 
were not significantly correlated with any of the four quality parameters, while 
hexanoic acid was positively correlated with the pH and TSS/TA ratio of Albion. It is 
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thus not known if hexanoic acid could actually be considered as an off-flavour 
compound, in regards to the flavour of Albion.  
 
On the other hand, Ulrich et al. (58) suggested that when breeding strawberry 
cultivars, genotypes containing methyl anthranilate and those that do not contain 
methyl anthranilate but have high levels of esters of butanoic and hexanoic acids (in 
particular, methyl butanoate, ethyl butanoate, methyl hexanoate and ethyl 
hexanoate) should be selected since these strawberry chemotypes were preferred by 
consumers in a sensory study. In a study performed by Du et al. (21), the sensory 
attribute “strawberry flavour” was found to be highly and significantly correlated with 
the concentrations of methyl 3-methylbutanoate and ethyl butanoate determined 
using GC/MS. Hence, these compounds may be possible compounds to breed in. In 
the present study, methyl butanoate and methyl hexanoate were found to negatively 
correlated with the TSS/TA ratio of Albion. Ethyl butanoate and ethyl hexanoate were 
positively correlated with the TSS content of Juliette, while ethyl hexanoate was also 
positively correlated with the TSS/TA of Juliette. Methyl anthranilate was not detected 
in both Albion and Juliette. Broad-sense heritabilities of these compounds were as 
follows: methyl butanoate (74.4%), ethyl butanoate (56.4%), methyl hexanoate 
(12.3%), ethyl hexanoate (-3.7%) and methyl 3-methylbutanoate (55.2%). Therefore, 
it appears that in the context of Albion and Juliette, it may be not possible to breed for 
methyl hexanoate and ethyl hexanoate since they were determined to have low 
heritabilities.  
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5.4 Conclusion 
Two strategies were proposed for breeding for enhanced flavour in 
strawberries, with one being breeding for increased levels of “favourable 
compounds”, and the other being breeding out of “unfavourable compounds”. It was 
shown that by studying how the pattern of volatile constituents changed in chemical 
type and quantity during ripening, and by identifying compounds that were 
significantly correlated with TSS and/or TSS/TA, possibly useful information could be 
obtained to assist in the selection of these “favourable” or “unfavourable” strawberry 
volatiles. Nevertheless, findings presented in this chapter highlight the need for 
concurrent sensory analysis to be performed, in order to make stronger conclusions.  
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6 
Conclusions and future work 
 
The task of finding the “ideal” strawberry is a challenging one as consumers, 
growers and supply chains may have differing views on what constitutes the “ideal” 
strawberry. For example, consumers would generally prefer strawberries to have a 
consistent sweet flavour, good size and appearance, and be of low cost. Growers 
may consider a strawberry variety to be ideal if it produces fruits that have good 
flavour, size, appearance and pest and disease resistance, and store well during 
post-harvest. In addition, they would expect a high marketable yield and productivity, 
and that the plants exhibit a good plant form, which would facilitate the harvesting of 
the strawberries. Supply chains may prefer to market strawberries that are able to 
transport well, and have a considerably long shelf life. Since the opinions of these 
three groups of stakeholders could jointly influence the success or failure of a 
strawberry variety in the industry, breeders are continually trying to breed for a variety 
that satisfies most of the above-mentioned expectations.  
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This thesis has explored the application of two-dimensional gas 
chromatography combined with time-of-flight spectrometry (GC×GC/ToFMS) for the 
analysis of strawberry volatiles. An attempt has been made to correlate 
environmental factors that affect the volatile profile of a number of strawberry 
varieties. Through the work and findings presented, it is hoped that the scientific 
community would be encouraged to consider using this technique to profile different 
strawberry varieties, and base a range of value-added studies on GC×GC/ToFMS 
data and the improved separation power it offers. This could in turn pave the way for 
creating a large database of the 1tR and 2tR retention times for the numerous volatile 
compounds found in the fruit, determined under chromatographic conditions identical 
to this study or under another specific set of conditions selected for the most 
appropriate 2D presentation of the compounds. Such a database would also be 
useful for identification of essential oil components. All GC×GC/ToFMS analyses 
presented in this thesis employed an “orthogonal” column set (i.e. non-polar phase as 
1D and polar phase as 2D) and whilst the GC×GC method proved to be suitable for 
separation of compounds here, further optimisation, such as using alterative column 
phases (i.e. enantioselective columns or a polar × non-polar column set) may still be 
possible. Since GC×GC profiles serve as fingerprints for the strawberry samples 
analysed, it may be relatively easy to visually screen for the presence of selected 
target compounds in a collection of chemical signatures, and this may be particularly 
useful for the breeder when selecting progenies for advanced trials. Nevertheless, 
the vision of integrating GC×GC into routine strawberry flavour analysis still requires 
further experimentation and discussion, and greater research collaboration between 
those advocating this methodology and strawberry flavour chemists. Furthermore, 
there is a need for the development of more user-friendly software tools for GC×GC 
data processing, which could be imperative for achieving this vision sooner.  
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During the course of analysing the GC×GC/ToFMS data acquired, the 
complexity of the ChromaToF software posed a few challenges in regards to 
comprehending the many unique features available for data processing. This 
experience highlighted the need for a systematic study focused on exploring the 
various features of the software so that the maximum possible information could be 
extracted for future studies and the data processing could be performed more 
efficiently. This would be informed by guidelines that integrate the requirement of the 
analyst with the capabilities of the instrument. Such a study was attempted on a small 
scale in the current work but it is probably worthwhile to perform a more extensive 
evaluation. For instance, GC×GC/ToFMS analysis of a reference mixture, consisting 
of 10 standard compounds, can be performed to acquire the principal data for 
automated processing on the ChromaTOF software. These reference compounds 
can be selected to demonstrate the possible analytical problems, which include co-
eluting peaks in the first dimension and overloaded peaks for certain compounds 
present at very high concentrations, that could be encountered when analysing a 
particular real sample. The different data processing parameters can then be varied 
systematically to evaluate their influence on the processing outcome. The knowledge 
gained could assist current and future ChromaTOF users to develop effective data 
processing methods that are most suited for their research, and would also present 
the opportunity to fully utilise the presentation and processing capabilities of the 
software. 
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A few problems were encountered at the field site, in relation to the availability 
of strawberry samples for harvesting and the acquisition of environmental data using 
the weather station installed at the site. This limited the use of the experimental data 
obtained, and the bulk of the work and findings reported in this thesis were based on 
just one harvest season (i.e. 2010/11). Hence, a future study could be drawn up to 
build on the information provided here by performing identical experiments and the 
associated statistical analyses for an additional couple of harvest seasons, 
comparing the results obtained for validation. Nevertheless, data from the three 
harvest seasons were used when performing linear discriminant analysis and among 
100 over volatiles, methyl butanoate and γ-decalactone were determined to be the 
two volatiles exhibiting the best discriminatory power for the discrimination of Albion 
and Juliette samples. The use of Fisher’s ratios as a short listing criterion to identify 
possible discriminatory compounds was found to be particularly helpful when dealing 
with a relatively large number of variables. Moreover, compounds such as oct-1-en-3-
one, 1-methylpropyl butanoate and linalool, which were found to have very low 
Fisher’s ratios (i. e. close to 0), were also identified in Chapter 4 to be strongly 
influenced by environmental fluctuations. This was expected as when compounds 
have low Fisher’s ratios due to large within-class variances, this suggests that they 
are not environmentally stable (i.e. fluctuating levels of the compounds or they are 
not frequently detected across a harvest season). Moreover, compounds such as 
heptan-2-one,octyl acetate, butyl butanote, γ-decalactone, and methyl butanoate, 
which were found to have high Fisher’s ratios, were also determined to have broad-
sense heritability estimates as mentioned in Chapter 5. This was also again 
expected as when compounds have high Fisher’s ratios due to small within-class 
variances, this suggests that the compounds were environmentally stable and thus, 
highly heritable. 
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A key finding of this study was that total soluble solids (TSS), which is 
considered to be indicative of sugar content and is commonly used in the fruit 
industry as a measure of flavour quality, was found to be significantly correlated with 
two environmental factors measured in this study, namely daily averages of Tair and 
Tsoil. This presents the possible opportunity for growers to manipulate environmental 
conditions to maintain or maybe even enhance the flavour quality of fruits of Albion 
and Juliette when strawberries are produced in glass houses or growing houses, 
controlled growing conditions can be applied. Nevertheless, Tair and Tsoil were not 
expected to have opposing effects on TSS (i.e. Tair was negatively correlated with 
TSS while Tsoil was positively correlated with TSS), especially since they were found 
to be positively correlated. Anecdotally, growers acknowledge that on a hot day, 
strawberries seem to have a sweeter flavour and thus, it seems reasonable that TSS 
increased with an increasing measure of temperature, Tsoil. However, even when 
daily maximum or minimum Tsoil and Tair values were used to estimate multiple linear 
regression equations for TSS, the effects of both parameters on TSS remained the 
same. Hence, it is still not possible to explain the negative effect that Tair was found 
to have on TSS. 
 
A limitation of the broad-sense heritability values presented in Chapter 5 is 
that these estimates are only applicable to the specific pair of Albion and Juliette 
strawberry varieties sampled from a specific environment. This implies that heritability 
values cannot be transferred if the varieties under scrutiny or the environment is 
different. This is because although differing varieties or environments do not change 
the fact that genes affect the trait, the amount of genetic and environmental 
variances for the trait may vary, which would in turn alter the heritability estimated. 
Furthermore, it would be ideal to determine narrow-sense heritability estimates for 
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quality parameters and the various strawberry volatiles, since these values would 
allow quantitative geneticists to make more accurate predictions about the 
inheritance of a trait by progenies from parent plants. This would involve crossing the 
Albion and Juliette varieties, and analysing the segregating progenies. However, 
since Albion is a patented, overseas variety, Australian breeders may not be granted 
the rights to use Albion as a parent cultivar in their breeding programs. 
 
In addition, sensory evaluation was not performed on the fruits of the Albion 
and Juliette varieties as part of the current research and thus, the experimentally-
determined variation in quality parameters and volatile compositions cannot be linked 
to the human perception of flavour quality. Hence, only limited and conservative 
conclusions could be drawn from the findings obtained. It is highly recommended that 
the assessment of fruit quality by a sensory panel is considered for future studies. In 
addition, since the popularity of strawberries among consumers is also attributed to 
the nutritional quality of the fruit, it would be useful to determine, for example, the 
vitamin C content, anthocyanin content and total antioxidant capacity of Australian-
grown strawberries, which would allow the evaluation of their nutritional value. 
 
Conclusions and future work 
 
 
 158 
In the debate of “nature versus nurture”, in regards to flavour development in 
Australian-grown strawberries, genotype was found to have contributed more to the 
total variance than environment or G×E for majority of the volatile compounds 
detected in Albion and/or Juliette as well as for pH, titratable acidity and sugar:acid 
ratio. These findings seems to suggest that “nature” (i.e. genotypic effect) has a 
greater influence on flavour development than “nurture” (i.e. environmental effect), in 
regards to Albion and Juliette. Hence, Australian growers may have limited 
opportunity to influence flavour development by manipulating environmental 
conditions during production. On the other hand, these findings provide hope to 
breeders that there is opportunity for them to breed for varieties with improved 
flavour. 
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Appendices 
Appendix 2.1 
 
Response Surface Regression: Peak Area Before 20 min versus Block, 
Equilibration (Eq) Time, Extraction (Ex) Time, Extraction Temperature  
 
The analysis was done using coded units. 
 
Estimated Regression Coefficients for Peak Area Before 20 min 
 
Term                Coef  SE Coef        T      P 
Constant         3466.55    66.40   52.206  0.000 
Block               4.83    48.52    0.100  0.923 
Eq Time            63.99    59.10    1.083  0.307 
Ex Time           290.00    59.10    4.907  0.001 
Ex Temp          -935.44    59.10  -15.828  0.000 
Eq Time*Eq Time   120.93   114.08    1.060  0.317 
Ex Time*Ex Time  -156.45   114.08   -1.371  0.203 
Ex Temp*Ex Temp  -471.79   114.08   -4.136  0.003 
Eq Time*Ex Time  -138.51    66.08   -2.096  0.066 
Eq Time*Ex Temp   -65.12    66.08   -0.985  0.350 
Ex Time*Ex Temp  -359.92    66.08   -5.447  0.000 
 
 
S = 186.897    PRESS = 2312709 
R-Sq = 97.47%  R-Sq(pred) = 81.42%  R-Sq(adj) = 94.67% 
 
 
Analysis of Variance for Peak Area Before 20min 
 
Source          DF    Seq SS    Adj SS   Adj MS      F      P 
Blocks           1    195305       347      347   0.01  0.923 
Regression       9  11937176  11937176  1326353  37.97  0.000 
  Linear         3   9632462   9632462  3210821  91.92  0.000 
  Square         3   1080999   1080999   360333  10.32  0.003 
  Interaction    3   1223714   1223714   407905  11.68  0.002 
Residual Error   9    314376    314376    34931 
  Lack-of-Fit    5    178545    178545    35709   1.05  0.494 
  Pure Error     4    135831    135831    33958 
Total           19  12446857 
 
 
 
 
Estimated Regression Coefficients for Peak Area Before 20min using data in uncoded 
units 
 
Term                  Coef 
Constant          -620.333 
Block              4.83330 
Eq Time           -3.04452 
Ex Time            83.3932 
Ex Temp            126.471 
Eq Time*Eq Time    1.20927 
Ex Time*Ex Time  -0.250324 
Ex Temp*Ex Temp   -1.17947 
Eq Time*Ex Time  -0.554029 
Eq Time*Ex Temp  -0.325599 
Ex Time*Ex Temp  -0.719832 
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Appendix 2.2 
 
Response Surface Regression: Peak Area After 20 min versus versus Block, 
Equilibration (Eq) Time, Extraction (Ex) Time, Extraction Temperature 
 
The analysis was done using coded units. 
 
Estimated Regression Coefficients for Peak Area After 20min 
 
Term                Coef  SE Coef       T      P 
Constant         3127.63    191.7  16.318  0.000 
Block             175.37    140.1   1.252  0.242 
Eq Time            90.51    170.6   0.531  0.609 
Ex Time          1913.60    170.6  11.217  0.000 
Ex Temp          3274.80    170.6  19.196  0.000 
Eq Time*Eq Time   -42.94    329.3  -0.130  0.899 
Ex Time*Ex Time  -446.46    329.3  -1.356  0.208 
Ex Temp*Ex Temp  1310.61    329.3   3.980  0.003 
Eq Time*Ex Time    10.24    190.7   0.054  0.958 
Eq Time*Ex Temp    -2.41    190.7  -0.013  0.990 
Ex Time*Ex Temp  1529.84    190.7   8.021  0.000 
 
 
S = 539.478    PRESS = 10201003 
R-Sq = 98.48%  R-Sq(pred) = 94.10%  R-Sq(adj) = 96.80% 
 
 
Analysis of Variance for Peak Area After 20min 
 
Source          DF     Seq SS     Adj SS    Adj MS       F      P 
Blocks           1    2304622     456298    456298    1.57  0.242 
Regression       9  167966830  167966830  18662981   64.13  0.000 
  Linear         3  143943712  143943712  47981237  164.86  0.000 
  Square         3    5298924    5298924   1766308    6.07  0.015 
  Interaction    3   18724193   18724193   6241398   21.45  0.000 
Residual Error   9    2619330    2619330    291037 
  Lack-of-Fit    5     774307     774307    154861    0.34  0.869 
  Pure Error     4    1845024    1845024    461256 
Total           19  172890782 
 
 
 
 
Estimated Regression Coefficients for Peak Area After 20min using data in uncoded 
units 
 
Term                   Coef 
Constant            7631.39 
Block               175.372 
Eq Time             25.5178 
Ex Time            -57.8519 
Ex Temp            -336.292 
Eq Time*Eq Time   -0.429423 
Ex Time*Ex Time   -0.714342 
Ex Temp*Ex Temp     3.27653 
Eq Time*Ex Time   0.0409463 
Eq Time*Ex Temp  -0.0120469 
Ex Time*Ex Temp     3.05968 
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Appendix 2.3 
 
Response Surface Regression: Total Peak Area versus Block, Equilibration 
(Eq) Time, Extraction (Ex) Time, Extraction Temperature 
 
The analysis was done using coded units. 
 
Estimated Regression Coefficients for Total Peak Area 
 
Term                Coef  SE Coef       T      P 
Constant         6614.65    194.6  33.984  0.000 
Block             177.03    142.2   1.245  0.245 
Eq Time           129.11    173.2   0.745  0.475 
Ex Time          2214.79    173.2  12.784  0.000 
Ex Temp          2371.81    173.2  13.691  0.000 
Eq Time*Eq Time    78.75    334.4   0.236  0.819 
Ex Time*Ex Time  -606.19    334.4  -1.813  0.103 
Ex Temp*Ex Temp   853.10    334.4   2.551  0.031 
Eq Time*Ex Time  -172.28    193.7  -0.889  0.397 
Eq Time*Ex Temp   -97.31    193.7  -0.502  0.627 
Ex Time*Ex Temp  1169.44    193.7   6.038  0.000 
 
 
S = 547.845    PRESS = 12884748 
R-Sq = 97.80%  R-Sq(pred) = 89.53%  R-Sq(adj) = 95.36% 
 
 
Analysis of Variance for Total Peak Area 
 
Source          DF     Seq SS     Adj SS    Adj MS       F      P 
Blocks           1    1151284     464955    464955    1.55  0.245 
Regression       9  119160896  119160896  13240100   44.11  0.000 
  Linear         3  105474308  105474308  35158103  117.14  0.000 
  Square         3    2432667    2432667    810889    2.70  0.108 
  Interaction    3   11253921   11253921   3751307   12.50  0.001 
Residual Error   9    2701212    2701212    300135 
  Lack-of-Fit    5    1138900    1138900    227780    0.58  0.718 
  Pure Error     4    1562312    1562312    390578 
Total           19  123013392 
 
 
 
 
Estimated Regression Coefficients for Total Peak Area using data in uncoded units 
 
Term                  Coef 
Constant           6790.43 
Block              177.028 
Eq Time            34.7240 
Ex Time            29.9346 
Ex Temp           -209.468 
Eq Time*Eq Time   0.787502 
Ex Time*Ex Time  -0.969906 
Ex Temp*Ex Temp    2.13274 
Eq Time*Ex Time  -0.689117 
Eq Time*Ex Temp  -0.486574 
Ex Time*Ex Temp    2.33888 
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Appendix 3.1 
 
List of compounds detected in either Albion or Juliette or both, over at least 50 % but less than 80 % of the 2010/11 sampling 
dates  
 
# 
1tR 
(s) 
2tR 
(s) Compound* CAS Match U 
1I 1Ilit Area%
#
 
Albion             Juliette 
ID 
Method 
 
  Esters         
95 654 1.85 Ethyl 2-methylbutanoate 7452-79-1 951 57 847 850i 0.02 ± 0.02 0.17 ± 0.17 MS, RI, S 
96 762 2.02 Propyl butanoate 105-66-8 967 71 898 899i 0.02 ± 0.01 0.01 ± 0.01 MS, RI 
97 930 2.07 3-Methylbutyl propanoate† 105-68-0 904 57 969  nd 0.05 ± 0.03 MS 
98 1092 2.11 2-Heptyl acetate† 5921-82-4 864 87 1039 1044i 0.01 ± 0.00 nd MS, RI 
99 1098 1.98 Butyl 2-methylbutanoate 15706-73-7 925 57 1041  0.01 ± 0.00 nd MS 
100 1152 2.46 4-Pentenyl butanoate† 30563-31-6 932 68 1065  0.01 ± 0.01 nd MS 
101 1218 2.48 (Z)-Pent-2-enyl butanoate† 42125-13-3 963 71 1093  0.02 ± 0.01 nd MS 
102 1236 2.52 3-Methylbut-2-enyl butanoate† 71820-56-9 855 71 1100  0.01 ± 0.01 nd MS 
103 1248 2.04 3-Methylbutyl 3-
methylbutanoate† 659-70-1 916 70 1106  0.02 ± 0.02 0.07 ± 0.04 MS 
104 1452 2.31 Ethyl octanoate 106-32-1 944 88 1195 1197i 0.03 ± 0.02 0.02 ± 0.02 MS, RI 
105 1536 2.30 (Z)-Hex-3-enyl pentanoate† 35852-46-1 905 67 1234  nd 0.02 ± 0.01 MS 
106 1848 2.22 Hexyl hexanoate 6378-65-0 931 117 1385 1384i 0.02 ± 0.01 0.01 ± 0.01 MS, RI 
107 1878 2.12 1-Methyloctyl butanoate 69727-42-0 910 71 1400  0.02 ± 0.01 nd MS 
108 2040 2.30 Nonyl butanoate† 2639-64-7 835 71 1485  0.02 ± 0.01 nd MS 
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# 
1tR 
(s) 
2tR 
(s) Compound* CAS Match U 
1I 1Ilit Area%
#
 
Albion             Juliette 
ID 
Method 
   Terpenoids         
109 1356 3.17 Camphor† 76-22-2 955 95 1153 1166ii nd 0.03 ± 0.01 MS, RI 
110 1638 2.82 (E)-Linalyl oxide acetate (pyranoid)† 56752-50-2 840 94 1281 1289
iii
 0.02 ± 0.01 nd MS, RI 
111 1728 2.94 Myrtenyl acetate 1079-01-2 935 91 1325 1336ii 0.01 ± 0.01 0.02 ± 0.01 MS, RI 
112 2004 2.18 β-Acoradiene† 28477-64-7 842 119 1466 1471i ˂0.01 0.01 ± 0.01 MS, RI 
113 2070 2.26 (Z)-α-Bisabolene† 29837-07-8 901 93 1500  0.02 ± 0.01 0.02 ± 0.03  
114 1908 2.40 Linalyl butanoate† 78-36-4 889 93 1416 1423i 0.01 ± 0.01 nd MS, RI 
115 2088 2.66 Unknown terpenoid 
compound   91 1511  0.01 ± 0.01 nd  
   
 
        
   Alcohols         
116 960 4.70 1-Octen-3-ol 3391-86-4 892 57 983 979i 0.02 ± 0.02 0.06 ± 0.04 MS, RI 
117 1170 4.68 Octan-1-ol 111-87-5 978 56 1073 1081iii 0.03 ± 0.02 nd MS, RI 
   
 
        
   Ketone         
118 972 2.41 Octan-3-one† 106-68-3 936 57 988 984i 0.01 ± 0.01 0.01 ± 0.01 MS, RI 
            
   Aromatic compounds         
119 1230 5.16 Methyl benzoate 93-58-3 910 105 1099 1112ii 0.03 ± 0.02 0.11 ± 0.10 MS, RI 
120 1404 4.48 Ethyl benzoate 93-89-0 921 105 1175 1173i 0.03 ± 0.02 0.11 ± 0.08 MS, RI 
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# 
1tR 
(s) 
2tR 
(s) Compound* CAS Match U 
1I 1Ilit Area%
#
 
Albion             Juliette 
ID 
Method 
121 1476 3.77 Isopropyl benzoate† 939-48-0 895 105 1207  0.02 ± 0.02 0.17 ± 0.14 MS 
122 1584 5.00 2-Phenylethyl acetate 103-45-7 945 104 1257 1258i ˂0.01 0.04 ± 0.03 MS, RI 
123 2076 3.07 Butylated hydroxytoluene† 128-37-0 890 205 1504 1516i 0.02 ± 0.02 0.04 ± 0.05 MS, RI 
            
   Sulfur compound         
124 864 2.41 (S)-Methyl 3-
methylbutanethioate† 23747-45-7 749 57 941  nd 0.06 ± 0.04 MS 
            
   Acid         
125 1458 5.02 Octanoic acid 124-07-2 867 60 1199 1151iv 0.07 ± 0.07 nd MS, RI, S 
* Compounds in italics have been tentatively identified.  
#
 Values represent the normalised mean peak area percentages (seasonal means) ± 95% confidence intervals for compounds detected over at least 50% but less 
than 80% of the sampling dates of the 2010/11 harvest season for the variety. Data are the average of ten sampling dates and two plot replicates. The area 
percentage values for compounds detected over less than 50% of the sampling dates for the variety have been underlined. 
†: denotes a compound that has not been previously detected in strawberries  
nd: not detected for the variety 
1Ilit values were obtained from i) (121), ii) (126), iii) (125) and iv) (106). 
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Appendix 3.2 
 
List of compounds in 2010/11 50% dataset, along with their respective Fisher’s ratios 
 
Number Compound Fisher’s 
ratio 
1 Methyl butanoate 3.80 
2 Methyl 3-methylbutanoate 1.65 
3 Ethyl butanoate 1.77 
4 Propyl acetate  3.61 
5 Butyl acetate 2.78 
6 Methyl pentanoate 2.58 
7 Isopropyl butanoate 0.71 
8 Ethyl 2-methylbutanoate 0.27 
9 Ethyl 3-methylbutanoate 1.53 
10 3-Methylbutyl acetate 1.33 
11 Methyl 4-methylpentanoate 1.42 
12 Isopropyl 3-methylbutanoate 0.34 
13 Propyl butanoate 0.28 
14 Methyl hexanoate 0.38 
15 1-Methylpropyl butanoate 0.00 
16 2-Methylpropyl butanoate 3.62 
17 3-Methylbutyl propanoate 0.77 
18 Butyl butanoate 5.45 
19 Ethyl hexanoate 0.26 
20 (Z)-Hex-3-enyl acetate 3.11 
21 Hexyl acetate 1.25 
22 (E)-Hex-2-enyl acetate 2.68 
23 1-Methylbutyl butanoate 1.76 
24 Isopropyl hexanoate 0.69 
25 2-Heptyl acetate 0.74 
26 Butyl 2-methylbutanoate 1.05 
27 Butyl 3-methylbutanoate 2.71 
28 3-Methylbutyl butanoate 0.26 
29 4-Pentenyl butanoate 1.34 
30 1,3-Dimethylbutyl butanoate 0.71 
31 (Z)-Pent-2-enyl butanoate 1.79 
32 3-Methylbut-2-enyl butanoate 0.97 
33 3-Methylbutyl 3-methylbutanoate 0.31 
34 Hexyl propanoate 1.11 
35 Methyl octanoate 0.30 
36 (Z)-Hex-3-enyl butanoate 1.54 
37 Butyl hexanoate 3.56 
38 Hexyl butanoate 1.32 
39 (E)-Hex-2-enyl butanoate 1.10 
40 Ethyl octanoate 0.12 
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Number Compound Fisher’s 
ratio 
41 1-Methylhexyl butanoate 1.73 
42 Octyl acetate 8.38 
43 (Z)-Hex-3-enyl pentanoate 1.38 
44 Hexyl 3-methylbutanoate 0.89 
45 (E)-Hex-2-enyl 3-methylbutanoate 4.92 
46 3-Methylbutyl hexanoate 0.07 
47 Hexyl hexanoate 0.00 
48 (E)-Hex-2-enyl hexanoate 0.29 
49 Octyl butanoate 1.36 
50 1-Methyloctyl butanoate 0.58 
51 Octyl 2-methylbutanoate 1.39 
52 Octyl 3-methylbutanoate 0.89 
53 Nonyl butanoate 1.68 
54 Octyl hexanoate 0.89 
55 Decyl butanoate 1.20 
56 Hexanal 1.80 
57 (Z)-Hex-3-enal 1.39 
58 Hex-2-enal 1.68 
59 (E)-Hex-2-enal 2.67 
60 (E,E)-Hexa-2,4-dienal 0.75 
61 (Z)-Hept-2-enal 0.01 
62 Octanal 0.60 
63 (E)-Oct-2-enal 0.13 
64 Nonanal 10.58 
65 (E)-Non-2-enal 0.24 
66 Decanal 0.50 
67 (E)-Hex-2-en-1-ol 2.71 
68 Hexan-1-ol 3.57 
69 Heptan-2-ol 4.89 
70 1-Octen-3-ol 0.23 
71 Octan-1-ol 0.79 
72 4-Methylpentan-2-one 4.03 
73 Heptan-2-one 15.33 
74 Oct-1-en-3-one 0.00 
75 Octan-3-one 0.02 
76 Myrcene 0.02 
77 α-Phellandrene 0.03 
78 α-Terpinene 0.02 
79 o-Cymene 0.01 
80 Limonene 0.03 
81 β-Phellandrene 0.10 
82 (Z)-β-Ocimene 0.00 
83 (E)-β-Ocimene 0.00 
84 γ-Terpinene 0.02 
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Number Compound Fisher’s 
ratio 
85 (E)-Linalool oxide (furanoid) 0.13 
86 Terpinolene 0.03 
87 (Z)-Linalool oxide (furanoid) 0.01 
88 Linalool 0.12 
89 Camphor 1.21 
90 α-Terpineol 1.12 
91 Myrtenal 1.65 
92 Myrtenol 2.84 
93 (E)-Linalyl oxide acetate (pyranoid) 1.34 
94 Myrtenyl acetate 0.02 
95 (E)-β-Farnesene 2.11 
96 β-Acoradiene 0.65 
97 γ-Curcumene 0.56 
98 (Z,E)-α-Farnesene 1.14 
99 α-Zingiberene 0.84 
100 (Z)-α-Bisabolene 0.01 
101 (E,E)-α-Farnesene 1.32 
102 β-Bisabolene 1.45 
103 α-Cuprenene 0.69 
104 β-Sesquiphellandrene 0.92 
105 (S,Z)-α-Bisabolene 0.99 
106 (E)-Nerolidol 1.66 
107 Mesifuran 0.85 
108 Furaneol 0.60 
109 Benzaldehyde 1.30 
110 Methyl benzoate 0.18 
111 Benzyl acetate 0.53 
112 Ethyl benzoate 0.38 
113 Methyl salicylate 2.88 
114 Isopropyl benzoate 0.47 
115 2-Phenylethyl acetate 0.58 
116 Benzyl butyrate 1.06 
117 Linalyl butanoate 1.62 
118 Butylated hydroxytoluene 0.06 
119 γ-Decalactone 3.67 
120 γ-Dodecalactone 0.56 
121 (S)-Methyl 3-methylbutanethioate   0.72 
122 Hexanoic acid 0.79 
123 Octanoic acid 0.40 
124 2-Pentyl furan 1.09 
125 Unknown terpenoid compound 0.78 
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Appendix 4.1 
 
Environmental data acquired for 2010/11 season 
 
Harvest Date 
1 Wk Max RH Avg 
(%) 
1 Wk Max Tair Avg 
(°C) 
1 Wk Max Tsoil Avg 
(°C) 
1 Wk Max SM Avg 
(%) 
1 Wk Avg PAR Avg 
(µmol/m2 s) 
1 Wk Avg Rainfall 
Avg (mm) 
3/11/10 86 20.2 22.0 63.6 409 9.8 
10/11/10 84 21.8 24.6 59.7 529 0.1 
17/11/10 88 23.2 23.8 60.7 337 2.2 
24/11/10 82 24.8 27.1 59.0 541 0.0 
3/12/10 89 23.7 26.0 64.1 332 10.4 
10/12/10 88 27.8 30.0 64.1 414 8.1 
15/12/10 84 22.7 26.2 62.7 409 3.9 
22/12/10 88 19.7 21.7 63.8 338 8.0 
29/12/10 84 22.6 25.8 61.5 479 0.1 
6/01/11 84 26.1 28.5 63.2 559 0.0 
              
 Harvest Date 
2 Wk Max RH Avg 
(%) 
2 Wk Max Tair Avg 
(°C) 
2 Wk Max Tsoil Avg 
(°C) 
2 Wk Max SM Avg 
(%) 
2 Wk Avg PAR Avg 
(µmol/m2 s) 
2 Wk Avg Rainfall 
Avg (mm) 
3/11/10 88 20.8 22.6 66.4 471 6.0 
10/11/10 85 21.0 23.3 61.7 469 5.0 
17/11/10 86 22.5 24.2 60.2 433 1.2 
24/11/10 85 24.0 25.4 59.9 439 1.1 
3/12/10 86 25.2 27.1 62.2 419 7.7 
10/12/10 88 25.7 28.0 64.1 373 9.3 
15/12/10 86 25.5 28.1 64.0 409 6.3 
22/12/10 86 21.2 23.9 63.3 373 5.9 
29/12/10 86 21.1 23.7 62.7 409 4.0 
6/01/11 84 24.7 27.2 62.6 523 0.0 
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 Harvest Date 
1 Wk Avg RH Avg 
(%) 
1 Wk Avg Tair Avg 
(°C) 
1 Wk Avg Tsoil Avg 
(°C) 
1 Wk Avg SM Avg 
(%) 
1 Wk Avg PAR Avg 
(µmol/m2 s) 
1 Wk Avg Rainfall 
Avg (mm) 
3/11/10 72 13.9 18.1 60.7 409 9.8 
10/11/10 63 15.0 19.6 58.1 529 0.1 
17/11/10 72 16.1 20.5 57.0 337 2.2 
24/11/10 62 17.5 22.1 56.3 541 0.0 
3/12/10 77 16.8 21.4 60.2 332 10.4 
10/12/10 72 20.7 25.2 61.1 414 8.1 
15/12/10 67 16.6 21.9 60.8 409 3.9 
22/12/10 72 13.1 18.5 61.8 338 8.0 
29/12/10 66 15.2 21.4 60.4 479 0.1 
6/01/11 61 17.9 24.0 61.3 559 0.0 
              
  Harvest Date 
2 Wk Avg RH Avg 
(%) 
2 Wk Avg Tair Avg 
(°C) 
2 Wk Avg Tsoil Avg 
(°C) 
2 Wk Avg SM Avg 
(%) 
2 Wk Avg PAR Avg 
(µmol/m2 s) 
2 Wk Avg Rainfall 
Avg (mm) 
3/11/10 70 13.9 18.2 62.9 471 6.0 
10/11/10 67 14.5 18.8 59.4 469 5.0 
17/11/10 68 15.6 20.0 57.5 433 1.2 
24/11/10 67 16.8 21.3 56.6 439 1.1 
3/12/10 70 18.1 22.4 58.8 419 7.7 
10/12/10 75 18.8 23.3 60.6 373 9.3 
15/12/10 70 18.7 23.4 60.8 409 6.3 
22/12/10 69 14.9 20.2 61.3 373 5.9 
29/12/10 69 14.2 20.0 61.1 409 4.0 
6/01/11 63 16.7 22.8 61.0 523 0.0 
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  Harvest Date 
1 Wk Min RH Avg 
(%) 
1 Wk Min Tair Avg 
(°C) 
1 Wk Min Tsoil Avg 
(°C) 
1 Wk Min SM Avg 
(%) 
1 Wk Avg PAR Avg 
(µmol/m2 s) 
1 Wk Avg Rainfall 
Avg (mm) 
3/11/10 50 9.5 14.4 59.3 409 9.8 
10/11/10 42 9.1 15.1 56.7 529 0.1 
17/11/10 50 10.8 17.2 55.2 337 2.2 
24/11/10 42 11.5 17.5 53.8 541 0.0 
3/12/10 55 13.2 18.0 58.3 332 10.4 
10/12/10 48 15.7 21.3 59.7 414 8.1 
15/12/10 46 11.3 17.9 59.7 409 3.9 
22/12/10 47 8.5 15.5 60.3 338 8.0 
29/12/10 43 9.6 16.6 59.3 479 0.1 
6/01/11 36 11.1 19.7 59.8 559 0 
  
            
  Harvest Date 
2 Wk Min RH Avg 
(%) 
2 Wk Min Tair Avg 
(°C) 
2 Wk Min Tsoil Avg 
(°C) 
2 Wk Min SM Avg 
(%) 
2 Wk Avg PAR Avg 
(µmol/m2 s) 
2 Wk Avg Rainfall 
Avg (mm) 
3/11/10 50 9.5 14.4 59.3 471 6.0 
10/11/10 42 9.1 15.1 56.7 469 5.0 
17/11/10 50 10.8 17.2 55.2 433 1.2 
24/11/10 42 11.5 17.5 53.8 439 1.1 
3/12/10 55 13.2 18.0 58.3 419 7.7 
10/12/10 48 15.7 21.3 59.7 373 9.3 
15/12/10 46 11.3 17.9 59.7 409 6.3 
22/12/10 47 8.5 15.5 60.3 373 5.9 
29/12/10 43 9.6 16.6 59.3 409 4.0 
6/01/11 36 11.1 19.7 59.8 523 0.0 
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Appendix 4.2 
 
GLM results 
 
 "F" Value 
Compound Genotype Environment G×E interaction 
Methyl butanoate 750.33*** 22.75*** 17.23*** 
Methyl 3-methylbutanoate 189.37*** 16.20*** 10.24*** 
Ethyl butanoate 257.71*** 17.78*** 10.64*** 
Propyl acetate  77.33*** 4.56*** 3.79*** 
Butyl acetate 671.42*** 26.68*** 26.73*** 
Methyl pentanoate 46.02*** 4.42*** 4.42*** 
Isopropyl butanoate 242.75*** 61.40*** 17.79*** 
Ethyl 2-methylbutanoate 21.41*** 9.95*** 7.89*** 
Ethyl 3-methylbutanoate 112.64*** 11.97*** 9.71*** 
3-Methylbutyl acetate 331.70*** 32.29*** 26.38*** 
Methyl 4-methylpentanoate 120.96*** 5.41*** 9.19*** 
Isopropyl 3-methylbutanoate 108.38*** 53.67*** 27.67*** 
Propyl butanoate 13.70*** 9.38*** 5.05*** 
Methyl hexanoate 62.22*** 21.13*** 9.04*** 
1-Methylpropyl butanoate 6.69** 23.21*** 9.75*** 
2-Methylpropyl butanoate 183.64*** 7.56*** 7.98*** 
3-Methylbutyl propanoate 45.71*** 5.09*** 5.09*** 
Butyl butanoate 929.86*** 20.08*** 19.38*** 
Ethyl hexanoate 70.85*** 38.97*** 17.39*** 
(Z)-Hex-3-enyl acetate 192.38*** 9.52*** 3.14** 
Hexyl acetate 80.02*** 8.13*** 4.51*** 
(E)-Hex-2-enyl acetate 224.55*** 13.75*** 6.44*** 
1-Methylbutyl butanoate 173.14*** 9.74*** 9.74*** 
Isopropyl hexanoate 419.39*** 106.72*** 17.05*** 
2-Heptyl acetate 26.92*** 4.69*** 4.69*** 
Butyl 2-methylbutanoate 31.52*** 4.10*** 4.10*** 
Butyl 3-methylbutanoate 949.52*** 38.74*** 44.02*** 
3-Methylbutyl butanoate 200.51*** 119.84*** 60.22*** 
4-Pentenyl butanoate 134.91*** 17.30*** 17.30*** 
1,3-Dimethylbutyl butanoate 188.99*** 36.93*** 38.07*** 
(Z)-Pent-2-enyl butanoate 153.20*** 14.56*** 14.56*** 
3-Methylbut-2-enyl butanoate 163.71*** 31.92*** 31.92*** 
3-Methylbutyl 3-methylbutanoate 51.28*** 30.71*** 9.93*** 
Hexyl propanoate 168.21*** 27.82*** 19.41*** 
Methyl octanoate 73.79*** 14.07*** 5.98*** 
(Z)-Hex-3-enyl butanoate 131.47*** 6.40*** 9.77*** 
Butyl hexanoate 671.83*** 27.51*** 14.64*** 
Hexyl butanoate 287.30*** 27.80*** 14.58*** 
(E)-Hex-2-enyl butanoate 93.44*** 8.54*** 7.36*** 
Ethyl octanoate 16.07*** 20.70*** 4.46*** 
1-Methylhexyl butanoate 234.69*** 15.73*** 15.73*** 
Octyl acetate 995.39*** 12.41*** 8.71*** 
(Z)-Hex-3-enyl pentanoate 54.20*** 9.61*** 9.61*** 
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 "F" Value 
Compound Genotype Environment G×E interaction 
Hexyl 3-methylbutanoate 118.77*** 46.37*** 9.79*** 
(E)-Hex-2-enyl 3-methylbutanoate 460.62*** 17.26*** 8.81*** 
3-Methylbutyl hexanoate 24.43*** 86.43*** 49.78*** 
Hexyl hexanoate 1.23ns 21.52*** 4.12*** 
(E)-Hex-2-enyl hexanoate 2.82ns 5.91*** 5.08*** 
Octyl butanoate 212.24*** 15.37*** 13.44*** 
1-Methyloctyl butanoate 85.34*** 16.36*** 16.36*** 
Octyl 2-methylbutanoate 46.84*** 9.73*** 3.84*** 
Octyl 3-methylbutanoate 187.12*** 21.50*** 15.30*** 
Nonyl butanoate 126.00*** 12.01*** 12.01*** 
Octyl hexanoate 91.68*** 12.65*** 12.65*** 
Decyl butanoate 66.71*** 8.46*** 8.46*** 
Hexanal 102.13*** 9.54*** 2.51** 
(Z)-Hex-3-enal 106.37*** 12.90*** 3.76*** 
Hex-2-enal 130.80*** 11.51*** 3.80*** 
(E)-Hex-2-enal 240.02*** 15.82*** 4.90*** 
(E,E)-Hexa-2,4-dienal 34.61*** 11.01*** 3.25** 
(Z)-Hept-2-enal 3.26ns 8.68*** 3.77*** 
Octanal 11.00*** 3.71*** 3.27** 
(E)-Oct-2-enal 1.50ns  11.93*** 7.40*** 
Nonanal 98.55*** 1.14ns 1.16ns  
(E)-Non-2-enal 19.24*** 2.18* 1.73ns  
Decanal 0.04ns  2.41* 3.68*** 
(E)-Hex-2-en-1-ol 238.65*** 13.53*** 6.54*** 
Hexan-1-ol 386.07*** 15.92*** 5.73*** 
Heptan-2-ol 460.21*** 12.43*** 12.43*** 
1-Octen-3-ol 14.32*** 8.28*** 4.15*** 
Octan-1-ol 65.37*** 10.88*** 10.88*** 
4-Methylpentan-2-one 155.33*** 5.09*** 5.09*** 
Heptan-2-one 934.40*** 7.35*** 6.27*** 
Oct-1-en-3-one 0.56ns 9.08*** 1.32ns  
Octan-3-one 0.27ns  13.53*** 2.75** 
Myrcene 3.05ns  24.72*** 2.33* 
α-Phellandrene 11.17*** 32.72*** 3.16** 
α-Terpinene 8.58** 50.31*** 4.87*** 
o-Cymene 1.41ns  21.54*** 2.90** 
Limonene 3.30ns  25.42*** 3.95*** 
β-Phellandrene 0.05ns  11.19*** 2.41* 
(Z)-β-Ocimene 1.07ns  21.96*** 3.41*** 
(E)-β-Ocimene 0.75ns  36.43*** 3.69*** 
γ-Terpinene 9.65** 23.42*** 2.34* 
(E)-Linalool oxide (furanoid) 8.54** 12.25*** 2.53** 
Terpinolene 0.01ns  27.81*** 7.25*** 
(Z)-Linalool oxide (furanoid) 0.57ns  15.99*** 2.21* 
Linalool 14.61*** 25.38*** 1.44ns 
Camphor 90.42*** 11.96*** 11.96*** 
α-Terpineol 90.49*** 9.28*** 6.81*** 
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 "F" Value 
Compound Genotype Environment G×E interaction 
Myrtenal 102.97*** 9.42*** 3.40*** 
Myrtenol 102.93*** 5.60*** 5.60*** 
(E)-Linalyl oxide acetate 
(pyranoid) 149.62*** 15.11*** 15.11*** 
Myrtenyl acetate 0.01ns  3.23** 3.93*** 
(E)-β-Farnesene 389.70*** 32.48*** 8.79*** 
β-Acoradiene 11.49*** 8.13*** 3.14** 
γ-Curcumene 21.50*** 10.01*** 4.29*** 
(Z,E)-α-Farnesene 97.93*** 16.64*** 3.78*** 
α-Zingiberene 5.77* 1.91ns 0.63ns  
(Z)-α-Bisabolene 0.23ns 0.59ns 0.87ns  
(E,E)-α-Farnesene 205.67*** 27.11*** 8.37*** 
β-Bisabolene 125.41*** 16.18*** 3.45*** 
α-Cuprenene 3.18ns 1.66ns  0.57ns  
β-Sesquiphellandrene 72.63*** 16.59*** 5.71*** 
(S,Z)-α-Bisabolene 103.76*** 21.66*** 5.76*** 
(E)-Nerolidol 202.76*** 18.93*** 6.89*** 
Mesifuran 601.10*** 65.89*** 56.66*** 
Furaneol 41.82*** 13.49*** 13.49*** 
Benzaldehyde 145.42*** 24.69*** 14.93*** 
Methyl benzoate 107.00*** 67.57*** 77.36*** 
Benzyl acetate 121.07*** 19.59*** 22.07*** 
Ethyl benzoate 124.88*** 60.81*** 60.77*** 
Methyl salicylate 26.13*** 2.24* 1.23ns  
Isopropyl benzoate 265.41*** 55.65*** 45.75*** 
2-Phenylethyl acetate 34.58*** 7.68*** 5.05*** 
Benzyl butyrate 176.54*** 28.59*** 22.84*** 
Linalyl butanoate 113.69*** 10.82*** 10.82*** 
Butylated hydroxytoluene 8.47** 16.07*** 6.27*** 
γ-Decalactone 404.71*** 10.68*** 10.19*** 
γ-Dodecalactone 30.11*** 9.60*** 2.54** 
(S)-Methyl 3-methylbutanethioate   65.33*** 13.02*** 13.02*** 
Hexanoic acid 55.04*** 12.58*** 8.39*** 
Octanoic acid 4.67* 1.46ns  1.46ns  
2-Pentyl furan 89.51*** 12.94*** 4.99*** 
Unknown terpenoid compound 47.46*** 9.39*** 9.39*** 
 
***Significant at p ≤ 0.001; **Significant at 0.01 ≥ p > 0.001; *Significant at 0.05 ≥ p > 0.01; ns: not 
significant (p > 0.05) 
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Appendix 5.1 
 
Broad sense heritabilities of compounds in 2010/11 50% dataset  
 
Compound H2B (%) 
Heptan-2-one 90.3 
Octyl acetate 88.2 
Butyl butanoate 80.6 
Heptan-2-ol 77.7 
γ-Decalactone 75.8 
Methyl butanoate 74.4 
Butyl hexanoate 73.2 
(E)-Hex-2-enyl 3-methylbutanoate 71.9 
Hexan-1-ol 71.3 
Butyl 3-methylbutanoate 69.3 
(Z)-Hex-3-enyl acetate 69.3 
Butyl acetate 67.6 
(E)-Hex-2-enyl acetate 64.6 
(E)-β-Farnesene 63.9 
Nonanal 63.8 
(E)-Hex-2-en-1-ol 63.8 
4-Methylpentan-2-one 63.7 
(E)-Hex-2-enal 61.4 
2-Methylpropyl butanoate 61.1 
Hexyl butanoate 60.0 
Propyl acetate  59.8 
(E)-Nerolidol 58.5 
1-Methylbutyl butanoate 57.6 
(Z)-Hex-3-enyl butanoate 57.2 
1-Methylhexyl butanoate 56.6 
Octyl butanoate 56.6 
Ethyl butanoate 56.4 
Myrtenol 55.9 
Methyl 3-methylbutanoate 55.2 
3-Methylbutyl acetate 54.3 
(Z)-Pent-2-enyl butanoate 53.4 
(E,E)-α-Farnesene 52.1 
Methyl 4-methylpentanoate 51.7 
(E)-Hex-2-enyl butanoate 51.3 
β-Bisabolene 50.2 
Linalyl butanoate 50.0 
Nonyl butanoate 48.9 
Octyl 3-methylbutanoate 48.5 
Hexyl acetate 48.0 
Isopropyl hexanoate 46.7 
Mesifuran 46.0 
Hex-2-enal 45.5 
Isopropyl butanoate 45.3 
4-Pentenyl butanoate 45.0 
(Z,E)-α-Farnesene 44.4 
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Compound H2B (%) 
Ethyl 3-methylbutanoate 43.7 
Benzyl butyrate 43.6 
(E)-Linalyl oxide acetate (pyranoid) 42.5 
Myrtenal 42.2 
Octan-1-ol 39.9 
Camphor 39.4 
(Z)-Hex-3-enal 39.1 
(S,Z)-α-Bisabolene 39.1 
Octyl hexanoate 38.9 
α-Terpineol 38.6 
3-Methylbut-2-enyl butanoate 38.3 
Decyl butanoate 38.2 
1,3-Dimethylbutyl butanoate 37.3 
Octyl 2-methylbutanoate 36.7 
Hexanoic acid 36.3 
Hexanal 36.1 
β-Sesquiphellandrene 35.7 
Hexyl propanoate 35.3 
Benzyl acetate 34.2 
Unknown terpenoid compound 34.2 
Benzaldehyde 32.8 
1-Methyloctyl butanoate 32.7 
Methyl pentanoate 30.5 
(Z)-Hex-3-enyl pentanoate 29.4 
Methyl salicylate 28.5 
3-Methylbutyl propanoate 28.4 
(E)-Non-2-enal 28.3 
2-Pentyl furan 27.8 
Isopropyl benzoate 27.5 
Methyl octanoate 27.5 
3-Methylbutyl butanoate 24.0 
2-Phenylethyl acetate 22.4 
(S)-Methyl 3-methylbutanethioate   22.3 
Hexyl 3-methylbutanoate 21.3 
Isopropyl 3-methylbutanoate 19.6 
γ-Dodecalactone 17.8 
2-Heptyl acetate 17.1 
γ-Curcumene 16.2 
Propyl butanoate 12.6 
Butyl 2-methylbutanoate 12.5 
Methyl hexanoate 12.3 
Linalool 11.6 
β-Acoradiene 10.9 
Furaneol 10.8 
Octanoic acid 10.5 
(E,E)-Hexa-2,4-dienal 10.2 
3-Methylbutyl 3-methylbutanoate 8.7 
Ethyl 2-methylbutanoate 8.5 
α-Zingiberene 7.5 
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Compound H2B (%) 
Ethyl benzoate 7.2 
Octanal 6.5 
(E)-Linalool oxide (furanoid) 6.2 
α-Cuprenene 6.0 
1-Methylpropyl butanoate 5.4 
1-Octen-3-ol 4.8 
Methyl benzoate 4.1 
Myrcene 3.9 
Limonene 3.9 
o-Cymene 3.0 
γ-Terpinene 2.7 
α-Phellandrene 2.6 
(E)-Hex-2-enyl hexanoate 1.9 
(Z)-β-Ocimene 1.8 
3-Methylbutyl hexanoate 1.7 
α-Terpinene 1.1 
(Z)-Linalool oxide (furanoid) 0.9 
Hexyl hexanoate 0.6 
Terpinolene 0.3 
(Z)-α-Bisabolene 0.2 
(E)-β-Ocimene 0.0 
Myrtenyl acetate -0.1 
Decanal -0.5 
β-Phellandrene -0.6 
Octan-3-one -2.1 
Ethyl hexanoate -3.7 
Oct-1-en-3-one -6.3 
Butylated hydroxytoluene -7.5 
Ethyl octanoate -8.2 
(Z)-Hept-2-enal -11.9 
(E)-Oct-2-enal -12.9 
 
 
 
